NAVAL FACILITIES ENGINEERING SERVICE CENTER
Port Hueneme, California 93043-4328

AD-A286 835 Contract Repo
T A t actR'sto'st

ENERGY SAVINGS ANALYSIS FOR ENERGY
MONITORING AND CONTROL SYSTEMS

An Investigation Conducted by

Computer Sciences Corporation
711 Daily Drive
Camarillo, CA 93010-6089

March 1995

95-01769
L

ﬂ/’ar/a'&bb“’v&f‘" PJA.»AIL(_ %&’44{/ A(/Mmq £

AL L)




|

“BBZ-0V'ELD "ON BCIBIRD OS "SZ'Z$ 1id ‘seinsesyy puk s1BIoM 0 S1IUN ‘BEZ 190G MW
SAN 8¢ ‘$3)Q81 PAICIAP S10W PUE JUOIEILAUCD J108XS JOYI0 JO4 “[A|IOEXB) ¥G'T = Ul L,

Ttk £ 4
t4 3
fih
II' llllrl! I I'l
inches

m_.m ? . (ze
w vlm = amedwal Sunoengns amusedwal
= =— % snisjipy  Ja40) B/§ Mayuayey dg
» p— -
= (3oex8) JHNLVHISNIL ’
a1 sadwial (ZE ppe anesadway o m = o~ g $1332W 9GO 9.0 SpIeA 2iqro cPA
do Uauaye4 uayl) 6/6 snIse) Do |M“ S e $1a1aw 21qMo EOD 199} QMo —mt
e B | sia gt sucyjed L
(Aoexe) JUNLVHIAINIL B = } s1a)| 560 suenb b
P spie/ 21Qno el $s9%au NGNS g 2 = | s1a3) ty0 nud w
g1} 1ug, QN3 [+ $1319W NGNO g o | s ¥co sdno 3
Tob suojjed 9z0 sy ' al.'ﬂ = s ssal W (1) $30UNO PNy 0y
b suenb 00§ s 1 — = jw 18 suocodsagel dsqi
W siund 1z 191y , &= — jw s S tuoodssa dny
z0 $30UN0 PIN : - =
7] pInij £0°0 10U |1 w m||.|m = - JWNIOA
IWN10A - B = (91000°2)
UG} Loys 1l (63 000" 1) sauuc} 1 - 3 $3UU0; 60 $u0} Lioys
q spunod AT A swieBopy By - F— ] swesBojiy 140 spunod qi
70 s25uno 5800 sweb 8 2 2 = 6 swesb 82 saouno ° 20
(HBiom) SSVIN o Hm-u = {WBiem) SSYW
508 Y] (zW 000'01) $3:1003 w - B8 =— "y saurioay ¥0 $3.108
v sa|iw asenbs Y0 $Ja1U0[1) a1enbs &M 2 — Py $1312W0)14 dienbt 9z sajiw azenbs 2w
e spieA a.enbs T s1ejaw aserbs w o= = = P sJajaw a.enbs 80 spieA asenbs ZPA
2 saydt) asenbs sLo SIAUNU Dienbs cho m.llm - © W.ch $:91au1 acenbs 60'0 199} auenbs Y
- = S— $I1auues ienbs ¥ asenb
vIuv a ||m = z 1 59 S aenbs NE
w sajw 90 im0y wy = . vy
pA spIRA 1l ssalauw w Llnlm = wy s101wWOqI% ot sajiw w
u 199y £t yrere w 2 = ~ u sRleW 60 SpIgA pA
u SHPU Y0 SIRBUNUR wo |||.H" — un SRIMUNUD [+ 1334 ]
ul sagouy ¥00 siswjjiw we 2 —E wo $R1UINUID 6z, sayoul w
HIONIT - HIONTT
] E —
toquAs puid o) Aq Adnyng MOUY| ROA USYM Pquis B = 2 |oquig putj oy Aq Aldiyny  mou) NOA UIYM  [OQUIAS
—— =—
SAHSBUN HABYY WL SUOIIOALOD SjBwixOsIdY 8 IW = seINsERy Q0 0} SUOIAAUC] Newixoxidy
] —_— = o

b

SYOLDOV4 NOISHIANOD DR LANW




REPORTDOCUMENTATIONPAGE oMB e oo
Public reporting burden for this colleotion of information is astimated to sverage 1 hourper respones, including the time forreviewing instructions, searching
axisting d ata sources, gathering and maintaining the data needed, and completing and viewing the collection of inf jon. Send cormments ieganding this

burden sstimate or sny Other aspect of this collection Information, including suggestions for reducing this burden, to Washing ton Head quarters Servicee,
Directorats for information and Reports, 1216 Jetferson Davis Highway. Suits 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget,
Papen york Reduction Project (0704-0188), Washington, DC 20603,

1. AGENCY USE ONLY (Lesve biank) | 2. REPORT DATE 3. REPORT TYPE AND DATES COVERLD
Jamuary 1995 Final

4. TITLE AND SURTITLE 8. FUNDING NUMBERS

ENERGY SAVINGS ANALYSIS AND ENERGY
MONITORING AND CONTROL SYSTEMS

6. AUTHOR(S)

KenFlagg PE.
WilliamPiespoint, P.E.

8. PERKFORMING ORGANIZATION REPORT

7. PERFORMING ORJANIZATION NAME(S) AND ADDRESSE(8)
NUMBER

Computer Sciences Corporation
711 Daily Drive CR 95.003
Camarillo, CA 93010-6089

5. SPONSORING/MONITORING AQENCY NAME(S, AND ADDRESSES . :Lc:a:g;memounonmo AGENCY REPORT
U.S. Amy Corps of Engincers / Naval Facilities Engineering
Huntsville Division Service Center
CDHND-ED-ME-T 560 Center Drive
Huntsville, AL 35807 Port Hueneme, CA 93043

11.  SUPPLEMENTARY NOTES
Thisreport supersedes CR 82-039, “Standardized EMCS Energy Savings Calculations.”

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; disuibutions is unl‘mited

13. ABSTRACT (Maximum 200 words)

The energy savings analysis report and software was developed to calculate savings when implementing typical energy
conservation startegies. The analysis is based on ASHRAE Bin methods. Strategies include: scheduled start/stop,

optimized start/stop, and temperature reset.

14. SUBJECT TERMS

16. NUMBER OF PAGES
197

Energy savings, energy monitoring aud control systems (EMCS), utility control system
(UCS), BINs/energy management systerus 18. PRICE CODE

17. SECURITY CLASSIFiCATION [ T8 SECURITY CLASSIFICATION |19. SECURITY CLASSIFICATION | 20. LIMITATION OF
OF REPORTY OF THIS PAGE OF ABSTRACT 4 38TRACT
Unclassified Unclassified Unclassified UL
Standard Form 298 Rev, 2-89)

NSN 7640-01-280-5500
Prasoribed by ANSIStd, 238-18




ENERGY SAVINGS ANALYSIS for ENERGY MONITORING and CONTROL SYSTEMS

Section,

Paxagraph

LIST OF FIGURES . .« ¢ ¢« ¢ o ¢ ¢ o ¢ o o« o s
LI ST OF T.ABI{ES .. . [ . L] . L} . . . L] L] [ . L] -

II

IIX

INTRODUCTION

1=1  PLEASE READ THIS FIRST . . + « « « .« .
1-2 pURPOSE - - L] [ ] [ ] L) * L] L ] L L] L ] [ ] - L]
1—3 A:RRANGMNT « o - . . » . . - - . - .
1-4 GENERAL APPROACH . + ¢ +» ¢ ¢ 4+ o« o o o
1~-4.1 Bin Weather Data Methed . . . . . .
1-4.2 Energy Analysis Computer Programs .
1-4.3 Energy Use Evaluation . . . . . . .
1-5 WEATHER DATA SOURCES . ¢« ¢« ¢« « ¢ « o« «
1-6 POINT OF CONTACT ¢« « o o s o 4 o o o
DATA

2-1 INTRODUCTION . . . . R . . .

ESA Program Field Survey Data Sheets
ESA Program Screen Data Input Forms

£SA COMPUTER FROGRAM

WWWLWWLWWWWWRYWW
!
NSNouoouououewn =

INTRODUCTION . . . . .
PACKING LIST . . .
HARDWARE REQUIREMENTS
GETTING STARTED .
MODIFYING FILES .
CLIMATE.100 . .
DEFAULTS.100 . .
ESACL.100 . . .
ESAHELP.100 . .
GENERATED FILES . .
GENERAL PROGRAM SCREENS

L] L] L) L . » .

o e e e & o+ s a a8 @
L) L) a L [ L) . L) L] L] L]
a e e @ & » » ¢ e .
e & & o » & e & o o @
. L[] . L[] L[] [ ] L[] . . L] L]
) . . L] L] L . L L d » e

e e &

FACTOR CALCULATIONS

4-1
4-2
4-3
4-4
4-4.1

4-4.2

INTRODUCTION . . . . . .

BACKGROUND . . . . .

HOW TO USE THIS SECTION

FACTOR CALCULATIONS . .
ACWT

e & = ®
e o o
L T I ]
e o e =
« & 8 e
e e o e
« 3 o

Average Entering Condenser Water Temperature.

ANDW

Annual Number of Days Requiring Morning Warmup

i

a e & @ & & & »

» e © e & & » & & &

s & o o & s LI

. L] L ] L] . L] L] L]

. iii

R b
WWWNNN P

WWWWWWWwWWwWwW
!
N WWWNNN -

¢ & 6 & 4 s+ o @ e o o




Vi

4-4.3
4-4.4
4~-4.5
4;4.6
4-4.7

4-4.8

' 4-4.9

4-4.10
4-4.11

AST

Average Summer Temperature . . . . « « o« « + &
AWT

Average Winter Temperature . . . . . « « « . .
CFrLE

Annual Equivalent Full-load Hours For Cooling
HFLH

Annual Equivalent Full-lLoad Hours For Heating
WKH

Weeks of Heating . « . . . . ¢ ¢ ¢ ¢ ¢ ¢ &« o &
WKC

Weeks Oof Cooling « « « o« ¢« o o o ¢ o ¢ o o o &
OAR

Average Outside Air Enthalpy . . « « « « « .+ .
FRT

Percent Run Time for lLow Temperature Limit . .
BTT

Building Thermal Transmission . . . . . . . .

SAVINGS CALCULATIONS

5-1
£=2
5-3
5-4
5-4.1
5-4 .2
5-4.,3
5-4.4
5-4.5
5-4.6
5-4.7
5-408
5-4.9
5-4.10
5-4,11
5=4.12
5-4.13
5-=4.14
5-4.15
5-4.16
5-4.17
5-4 . 18

INTRODUCTION . . . « + & .
BACKGROUND . . . . . .
HOW TO USE THIS SECTION .
SAVINGS CALCULATIONS . .
Scheduled Start/Stop .
Optimum Start/stop . .
Duty Cycling . . . . .
Demand Limiting . . .
Day/Night Setback . . . . . .
Outside Air Dry Bulb Economizer .
Ventilation and Recirculation . .
Hot Deck/Cold Deck Temperature Rese
io

. [ ] L] L] & . ] L[]
L] L[] L] L] [ ] ] L] L[]
L] ® . e L] ® L] L
o . * . . [ L) L[]

ﬁootcaonccoc

Reheat Coil Reset . . .
Steam and Hot Water Boiler Select
Hot Water Outside Air Reset . .

Chiller Selection . . . . . . .

Chiller Water Temperature Reset

Condenser Water Temperature Reset
Chiller Demand Limit . . .
Lighting Control . . . .
Run Time Recording . . .
Safety Alarm . . . . . .

L] * * . . L] L L] . L ] L] L] * . L] L L] L ] L] L] L] .
L L) L] . L] L] L] L] . . L] . * L] Ld L] L] L ] L] [ ] L] L]
- L] . . . L L) L) L] L] L] L[] L] L] 3 L) Ll L] L] L] L [ ]
L) L] » L] L) L] L L) * L] L] L ] L . o L ] * L ] L ] . L] L]

loooooooga

[
*
L]
-

* L [ ]

EXAMPLE SAVINGS CALCULATION

6-1
6-2
6-2.1
6=-2.2
6-2.3

INTRODUCTION and DATA FORMS

CALCULATIONS . . « ¢ &« =« o
Climate Factors . . . . .
Building Factors . . . .
System 1, AHU 1, Multi-zone AHU

» [ » L]
L] L * .
[ ] L ] L] L[]
[ ] . L L L]
L] . L] L] »
L] L] L] [ ] L]
e o o »
L ] » . L) L]
e s 8 o @

ii

- 4_7

. 4-8

. 4-9

4-10

4-11

. * 2 * » . » * * L] L] L) L] .

urmunmmmt.lntlnmmmmmm
CWOVONOAAOATTN L WWKHHE

aguuoum
' U
oy

)
R
oo

8]
t

[

W

5-13
5-13
5-13

. 6-1
6-15
6-15
6-15
6-15




APPENDIX A.
APPENDIX B.
APPEINDIX C.
APPENDiX D.
APPENDIX E.

APPENDIX F. BLANK FORMS
LIST OF FIGURES
Figure
Number
3-1 File Screen L] L ] L] L] . L - L] - . L] - l . - L] L] L] L) L ] L] - 3
3-2 Input SCreen. . . .« ¢ ¢ ¢« ¢ s o ¢ o s o o o « e « 3
3-3 Output Screen . « . ¢ ¢ « o + . e o s e s+ o+ a e o & o 3
3-4 Configuration Screen . . . . ¢ ¢ ¢ +« ¢ ¢ o o ¢ o o « » 3=
3-5 HE].p Screen . * . . . e« e = . e o . . - e - - - - 3-
4-1 Springfield MAP, Missouri Weather Data . o & s s e e
4-2 Springfield MAP, Missouri Winter/Summer Design Data . . .
4-3 Percent Run Time to maintain Low Temperature Limit . . . 4-16
4-4 Climate Factor Summary . . . o « o« o+ « e e e e e e s
5-1 Energy Conservation Program Applications . . . . . . . . .
S5=2 Chiller RCWT v PEI . . « . « « « « . e e e e e s e s
5-3 System Savings Summary . . . . . . . . « t e s e e s
LIST OF TABLES
Table
Numbex
4-1 Enthalpy of Air for Selected Wet Bulb Temperatures . . .
dcoesason For Y
NTIS GRAXI g
DTIC TAB o -
Unannounced O
Justification . |
By
Dt quribution/ L
| Avn111b111* Cndoa
iii p Avetl Laafer
‘Plat opaciaih

DEFINITIONS OF VARIABLES

CONSTANTS and CONVERSION FACTORS
ASHRAE DATA and METHODOLOGY

ACRONYMS

SELECTED REFERENCES

Page
4-14

P\/\ -
! A




Section I. INTRODUCTION

1-1 PLEASE READ THIS FIRST. You should glance through this entire
manual before starting any savings calculation. If you must start
calculating before reading, at least:

e Become familiar with the Energy Monitoring and Control Systems
(EMCS) applications software discussed in Chapter 3, Section II
of . Technical Manual

TM5-815-2/NAVFAC DM-4.09/AFM 88-36.
o Read Appendix A, Variables.
+ Read Appendix B, Constants and Conversion Factors.

1-2 PURPOSE. This manual provides methods for estimating energy
savings obtainable through the use of EMCS applications programs as
described in Chapter 3, Section II of

Systems. Software known as the Energy Savings Analysis (ESA) program
has keen developed to largely automate the savings calculation
process. This manual should be used in conjunction with the ESA
program to provide portions of the input data and to explain the
basis for factors and calculations. The manual also aids the user in
performing manual calculations when necessary.

The calculations are intended to provide reasonable approximations of
savings but not a detailed energy analysis of each building. Best
results are obtained by use of energy analysis (simulation) computer
programs.

Note: Simulation programs are reguired for Optimum
Start/Stop and Economizer calculations and provide
better accuracy for others.

Twenty-seven typical HVAC systems to which EMCS conservation programs
may be applied are shown in Figure 5-1. System schematics and I/0

summary tables may be found in the Enerqy Monitoring and Control
Systems manual.

1-3 ARRANGEMENT.
1-3.1 Section I. INTRODUCTION. This section describes the

contents of the manual and presents a brief background for EMCS
savings calculations.

1-3.2  Section II. FIELD SURVEY DATA COLLECTION. This section
describes the field data required for EMCS savings calculations.

1-3.3 Sectjon III. ESA COMPUTER PROGRAM. This section contains

the ESA program users manual.




1-3.4 Section IV, FACTOR CALCULATIONS. This section describes the
development of climate and building based factors which are required
for the savings calculations.

1-3.5 Section V., SAVINGS CALCULATIONS. This section presents the .
EMC3 savings calculations. :

1-3.6 Section VI. EXAMPLE SAVINGS CALCULATION. This section
provides a complete savings calculation for a hypothetical building
using data collectad in Section II, factors derived in Section 1V,
and the methodology cf Section V.

1-3.7 Appendix A, DEFINITIONS OF VARIABLES. This appendix
contains definitions for the variables used throughout the manual.

1-3.9 Appendix B, ¢ STANTS and CONVERSION FACTORS. Thais appendix
contains descriptions ,f the constants and conversion factors used in
the manual and conta‘ s brief derivations where applicable.

1-3.10 Appendix €. A HRAE DATA. Data reproduced, with permission,
from ASHRAE Handbooks. Data includes "U" factors, "R" factors,

psychrometric chart, and compressor performance values.
1-3.11 Appendix D, ACRONYMS.

1-3.12 Appendix E., REFERENCES.

1-3.13 Appendix F. BLANK DATA INPUT FORMS.

1-4 GENERAL APPROACH. The three methods for energy analysis q
discussed below are the most widely used.

{
1-4.1 Bin Weather Data Method. This method uses weather data which J
is separated in 5 degree increments known as bins. The purpose is to

determine, using engineering calculations, the amount of heating or 4
cooling energy that a building will require at any given outdoor !
temperature. The energy consumption is determined by multiplying the |
energy requirement at any given temperature by the number of hours at i
that temperature and summing. This is the least accurate of the ’
three methceds but will generally yield acceptable results. |

|

1-4.2 Eneray Analvsis Computer Programs. These programs fall under
a variety of commercial names which are generally known as simulation
programs. Most programs perform energy balance calculations hourly
over the analysis period, typically one year, and require hourly
weather data and hourly estimates of internal loads such as lighting
and occupants. They model building systems and conditions while
allowing the user to easily do repeated “what if" investigations of
alternatives. Output values can varv widely with a 25% difference
not being uncommon.




1-4.3 « Much information can be obtained from
building utility records. The quantity and type of data available
depend on the type of metering installed. Analyzing this data can

‘allow a precise determination of the quantities of energy used for
various purposes in the building. The analysis eliminates the need
for estimates and can, therefore, yield accurate results.

1-5 WEATHER DATA SOURCES.

[ J
’ Air Force Manual AFM 88-29
Army Technical Manual TM 5~785
Navy Manual NAVFAC P-89

e Bin and Dedree Hour Weather Data Software
Software written in Basic for PC/MS-DOS.

Available from:

ASHRAE, Inc.
Publication Sales

1791 Tullie Circle NE
Atlanta, GA 30329-2305

1-6 POINT OF CONTACT. This manual was prepared for the Naval
Facilities Engineering Service Center (formerly the Naval Civil
Engineering Laboratory), Port Hueneme, California. Comments or
requests for additional information should be directed to:

. Commanding Officer
Naval Facilities Engineering Service Center
Code ESC21
Port Hueneme, California 93043-4328
Telephone: (805) 982-1268
551-1268 (DSN)

U.S. Army Corps of Engineers
Huntsville Division
Huntsville, Alabama 35805
Attention: HNDED-ME
Telephone: (205) 899-3322




Section II. DATA

2~1 INTRODUCTION. This section consists of field survey data
takeoff sheets and acreen data input sheets. Sheets mav be
duplicated as necessary.

2-1.1 ESA Program Field Survey Data Sheets. These sheets may be
used in conjunction with an EMCS feasibility base survey to filter,
simplify, and tailor data specifically for use by the ESA program.

2-1.2 ESA Proaram Screen Data Input Forms. These input forms are
copies of the ESA program screens. They may be used as part of the
data input process.

NOTE: Six cdifferent input forms (screens) are used for all
twenty-seven system types. The strategies listed in the
System Stratagy Selection and Annual Savings block cover
all possiliilities for the input form but not all strategies
apply to avery system. Refer to Figure 5-1 for strategy
applications.




ESA Program Field Survey Data Sheets




GROUP

NOTE - UNITS OF MEASURE: Area = R*, Temperstwe = *F
See Appendix A for explanation of werma.

Sketch project layout - locations, distances between buildings, important features, etc.




GROUP

BUILDING

‘ BUILDING DAT (1/3)

Building Hours of Operation: 01000800  0900-1600  1700-2400
Heating Fus! Type:

Other

Sketch Buikding - Locate Zones, Windows, Doors, etc.
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BUILDING

Inside Air Fitm
TOTAL R VALUE

1R = <Upy> =

inside Air Film
TOTAL R VALUE

> =

.......

No. of Floors (above ground)

Avg. Floor 1o Floor teight

No. of Basament Levels

Gross Floor Area <Af>

Roof Area <A >

Estimated total bidg. air infiltration (cfm) <i>

Walis, gross

Calculated Total Areas (above ground):

Windows <A ., .>

Doors <Ag,.>
Other

Walls, net <Ay o>




GROUP AUILDING

' BUILDING DATA (3/3)

RVALUE
R-VALUE
| WINDOW TYPE R-VALUE “Upgnton>

| DOOR TYPE R-VALUE <Ugour>
{ DOOR TYPE R-VALUE ' <Upor?
DOOR TYPE R-VALUE <V por>
OTHER R-VALUE <Uporer®
OTHER R-VALUE <Ugper>
OTHER R-VALUE <Uspe>

U.A, u-d"“w.m*"m"%* udouxAdow+U:edxA'w

et e ety Sl e e e g —————— -::::—-’—:;FJT

Remarks - Notuurloaks structural damage, broker/defective windows, fit of windows and doors, vents that remain i

Page of 2-7




GROUP BUILDING

Systems Serving Zone
Locatior: Nominal hours/week occupied <OH>
Function Warmup time before occupancy (hr) <WU>
Floor Arez. Low Temperature Limit <LTL>
Occupied Summer Setpoint <SSP> Summer Setpoint Reset <SSPR>
§ Occupied Winter Sotpoint <WSP> ‘ (SSPR s AST-SSP)
. Days/Week Heating Equipment Operation <Dh> Winter Setpoint Reset <WSPR> ...
Days/Week Cooling Equipment Opecation <DC> e

SPECIAL REQUIREMENTS
Can ventilation be shut down for duty eyciing? (Y/N) For whit % time% <E08T>
| Can ventilaiion be shut down for domand limiting? (Y/N) For st al % vme? <DLST>
Can ventilation be shut down during unoccupied hours? (Y/N)
if yes, what is the required OA purge time before occupancy? <PY>
REMARKS

Systema Serving Zone

Nominai hours/week occupied <OH>

Warmup time before occuparcy (lv) <WU>
Floor Area - | Low Temperature Limit <LTL>

| Occupied Summer Setpoint <SSP> Summer Setpoint Reset <SSPR>
Occupied Winter Setpoint <WSF> (SSPR s AST-SSP)

i Days/\Week Hexting Equipment Operation <Dh> Winter Setpoint Reset <WSPR>

§ Days/Wesk Cooiing Ecuipment Operation <Dec> (WSPR s WSP-AWT, s WSP-LTL)

A

SPECIAL REQUIREMENTS
Can ventiletion be shut down for duty cydling? (Y/N) ____ For what % time? <DCST>
Can ventilahon be shut down for demand limiting? (Y/N) For what % tmea? <DLST>
Can ventilation be shut down during unoccupied hours? (Y/N)
if yes, what is the required OA purgs time befnre occupancy? <PT>

| REMARKS




GROUP BUILDING SYSTEM
Applicable Systems
A. Single Zone AHU D, Multi-zone AHU G. Two Pipe Fan Coil Unit

B. Terminal Reheat AHU
C. Variable Volume AHU

E. Single Zone DX-A/C

F. Mutti-zone DX-A/C

H. Four Pipe Fan Coil Unit

Systemn Desc

Location

System Efficiency <HSE>

Reheat Coil Reset <RHR>

Present percent of OA used (decimal) <POA>
Enorgy Uud/Ton Rdrigermon <CPT>

CURRENT OPERATING SCHEDULE
Hours /Week Heating System <Hh>
Hours/Week ¢t WSP <Hwsp>

Houwrs /Week Cooling System <He>

Hours/Wook at SSP <Hup>

FAN DATA
Eunction
Supply Air

Zones Servad
Total Area Served <Az>
Unit Supplying Heating Energy
Heating Energy Fuel Source
Unit Supplying Cooling Energy
Cooling Energy Fuel Source

PROPOSED OPERATING SCHEDULE
Hours/Week Heating System <HhEMCS>
Hours/Week Cooling System <HcEMCS>
Can system be shut down when

zone(s) unoewpnod’? (Y/N)

Retum Air

MULTI-ZONE DATA

j Percent of air paseing through Hot Deck <Phd> . Summer Hot Deck Reset <SHDR>
Percent of air passing through Cold Deck <Pcd>
Operating Houu/Wook Dual Deck <Hhe>

Winter Hot Deck Reset <WHDR>
Summer Cold Deck Reset <SCOR>




GROUP

BLILDING

SYSTEM

Applicabie Systems

I. Electric Unit Heater -
J. Electric Radiiation

K. Heating/Ventiisting Unit
L. Direct Firnd Fumnace

M. Direct Fised Boller
N. Steam Unit Hester
O. Hot Water Unit Heater

. P. Steam Radiation

Q. Hot Water Radiation
U. HTHW/Steam: Converter
V. HTHW/HW Convertor

Lo rsassoves.

System Desc
Location

Zones Served

Electric Heater Power Rating (Kw) <PWR>

System Efficiency <HSE>

Presant percent of OA used (decimal) <POA>

CURRENT OPERATING SCHEDULE
Hours/Week Heating System <Hh>

Total Area Served <Az>
Unit Supplying Heating Energy
Heating Energy Fuel Source

Max Total Input Rating (Btu/hr) <CAP>

Hours/Week st WSP <Hwsp>

FAN DATA

Eunction
Supply Air

PUMP DATA

Euntion

Retum Alr




GROUP BUILDING SYSTEM

Applicable Systermns

R. Steam Boller S. Hot Water Boler

System Deac Zones Served

Location Heating Energy Fuei Type i
Efficiency Increase : Max Total Capacity (Btu/hr) <CAP>
when Changing Boilers <BCEl> Heating nystem Efficiency Increase < OAEI> l

= — e ey e O g LA -

System Availability (days/year) System Efficiency <HSE>

REMARKS

Page of 2-11




GROUP BUILDING SYSTEM
Applicable Systems

W. Water Cocled DX Compressor Y. Air Cooled Chiller

X. Air Cooled DX Compressor Z. Water Cooled Chilier

System Desc Zones Served

Location Energy Used/Ton Refrigeration <CPT>

Chiler Typs: (1) Centrifugal  (2) Absorption Chiller Capacity (tors) <TON>

(2) Reciprocal  (4) Scraw Comp Present Condenser Water Temperature <PCWT> _____

| Centrifugal Chiller Motor HP <CHP> Is the condenser fan continuous of CYCHNg T

Centrifugal Chiller Motor Efficiency <CME> Chilier water temperature reset <CWTR>

System Availability (days/year)

Efficiency increase when changing chillers <CSEl>

| Can ths centrifugal chiller be shut down for demand limiting? (Y/N)
| Can the centrifugal chiller capacity be stepped down for demand limiting? (Y/N)

I CURRENT OPERATING SCHEDULE
Hours/Week Cooling System <Hs>

[ty S e

FAN DATA
Eunction

Hours/Week Cooling System <HCEMCS>

For what % time? <SDT>

By what %? <SDC>

PROPOSED OPERATING SCHEDULE

£y - T Tl Tl T

PUMP DATA

REMARKS

Page of 2~
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GROUP

BUILDING

SYSTEM

Applicable Systems

AA. Lighting Centrol

CURRENT OPERATING SCHEDULE
Hours/Week Lighting System <H, >

Zones Served

Total Wattage <TC,>

PROPOSED OPERATING SCHEDULE

Hours/Week Lighting System <H, EMCS>




GROUP

BUILDING

SYSTEM

| PROJECT REMARKS




ESA Program Screen Data Input Forms
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GROUP BUILDING

- e

Variable Description

Avg Entering Condenser Water Temperature
Annual Number of Days for Moming Warmup
Average Summer Temperaiure

Average Winter Termnperature

Cooling Full-Load Hours
Heating Full-Load Hours
Weeks of Cooling

Weeks of Heating

Average Outside Air Enthslpy
Percent Run Time

Building

(] Check here if Chiller uses steam.
Heating Fuel Type: **

Vaiiable Deacription
Heating Value of Fuel HV - | Bty
Mod Comb Thermal Transmittance UoAo Btu/hreF
Total Air Infiltration | ctm
Gross Floor Area Af fte
Buikling Thermal Transmission 8TT e Btu/hreft? o°F |
i
** Heating Fuel Type: !
Electricity (st the meter) 3413 Btu/KWh 1
Elactricity (st point of generation) 11,600 Btu/kWh |
Fuel oil, distiliate #2 138,690 Btv/gallon
Fuel oll, residual #6 149,690 Btu/gallon
Natural gas (methane) 1,025 Btu/ct
Propans, gas 2500 Btu/cf
Propane, liquid 91,500 Btu/gallon
Bituminous coal 26,260,000 Btu/short ton
Steam (at point of conrumption) 1000 Btu/Ib
Stoam (at point of generation) 1390 Btu/Ib

*** BTT is calculated by the program.
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BUILDING

GROUP

SYSTEM

Applicable Systerns

4 =
i A Single Zone AHU D. Muki-zone AHU G. Two Pipe Fan Coil Unit ;
¢ B. Teominal Rehert AHU E. Singie Zone DX-A/C H. Four Pipe Fan Coil Unit i
1 C. Variable Volume AHU F. Multi-zone DX-A/C |
' System Data Entry
R, LR SRR, IR T AR
System Description:
Variable Description Symool Value Units
Area of zone Az - fte
Winter thermostat setpoint, occupied WSP *F
Low temperature limit LTL *F
Heating operstion without EMCS Hh __ | hours/week
Heating operation with EMCS HHEMCS hours /week
Hesting syster efficiency HSE decimal
Summer thermostat setpoint, occupied sSSP *F
Return air enthalpy when unoccupied RAE Btu/ib
Cooling operation without EMCS He hours /week
Cooling operation with EMCS HCEMCS hours /week
Cooling encrgy consumption per ton CPT badadde
Supply air capacity CFM cim
Present fraction of outside air used POA decimal
Equipment motor horsepower HP hp
Equipment motor load {factor L decimal
Zone occupied hours OH hours /week
Duty cycling shutdown time DCST percent
Demand limiting shed time DLST percent
Winter thermostat setpoint reset WSPR °F
Winter setpoint equipment operation Hwsp hours /week
Sumsner thermostat setpoint reset SSPR *F
Hssp hours/week

I Summer setpoint equipment operation

=% {4 /ton or lo-ton/hr

Page of




C. Variable Volume AHU

GROUP BUILDING SYSTEM
Applicabie Systems i,
A. Single Zons iU D. Multi-zone AHU G. Two Pipe Fan Coll Unit ;
8. Terminal Reheat AHU E. Single Zone DX-A/C H. Four Pipe Fan Colt Unit !
[]

F. Multi-zone DX-A/C

Systemn Data Entry (continued)

Shutdown system when bidg unoccupied? YorN
Present warmup time before occupancy wu — | hours/day
Heating equipment operating schedule Dh . | cays/week
Cooiing squipment operating schedule Dc *F
Purge time before occupancy PT *F
Fraction of total air thru hot deck Phd dacimal
Hot/cold deck aquipment operation Hhe - hours /weex
Summer hot deck resat SHDR *F
Winter hot deck raset WHDR *F
Fraction of total air thru cold deck Pad decimal
Summer cold deck reset SCDR ‘F
Reheat cooling coil discharge reset RHR *F
Optimum start/stop heating savings MBhu
Optimum start/stop htg-vent savings MBtu
Optimum start/stop htg aux savings KWh
Optimum start/stop cooling savings MBtu or kWh
Optirnum L.art/stop cig-vent savings MBtu o kWh
Optimum start/stop cig aux savings kWh
Economizer cooling savings MBtu or kWh
Page of 2-18




GROUP

BUILDING

SYSTEM

Applicable Systems

A. Single Zone AHU
B. Terminal Reheat AHU
C. Variable Volume AHU

o ap an o v o o

D. Muhi-zone AHU
E. Single Zone DX-A/C
F. Muiii-zone DX-A/C

G. Two Pipe Fan Coil Unit
H. Four Pipe Fan Coil Unit

TR -

System Data Entry (continued)

Scheduled sart/stop labor savings |
Optimum gtart/stop labor savings
Duty cyciing labor savings
Demand limiting labor savings
Day/night setback labor savings
Economizer labor savings
Vent/recirc labor savings

Hot deck/coid deck labor savings
Reheat coil labor savings

Run time recording labor savings

{ ] Scheduled Start/Stop
[ ] Optinvim Start/Stop
[ 1 Puty Cycling

{ ] Demand Limiting

[ ] Day/Night Setback

[ ] Economizer
(] Ventilation/Recirculation
{ ] Hot/Cola Deck Reset

[ ] Rehezt Coil Reset

Page of

{ ] Safety Alarm

{ ] Ruin Time Recording

System Strategy Selection and Annual Savings




GROUP BUILDING SYSTEM
Applicable Systems
i 1. Electric Unit Heater L. Direct Fired Fumnace T. Steam/Hot Water Converter '
i J. Electric Radiation M. Direct Fired Boiler V. HTHW/Hot Water Converter i
1 K. Heating/Ventiiating Unit Q. Hot Water Radiation 3
Systern Duta Entry
0
Systerri Description: ‘
— : : d]
Varisble Description Symbol Value Units ‘
Arca of zone Az L
Winter thermostat setpoint, occupied wsP *F
Low temperature limit LTL *F
|
Heating operation without EMCS Hh hours /weoak :
Heating operation with EMCS HhEMCS hours /week
Heating system efliciency HSE ' decimal
Supply air capacity CFM cfm
Present fraction of outside air used POA decimal
Equipmert motor horsepower HP hp
Equipment motor load factor L decimul
Zone occupied hours OH hours /week
Power rating of resistance unit PWR Kw
Duty cydiing shutdown time DCST percent
Demand kmiting shed time DLST percent
Winter thermostat setpoint reset WSPR . *F
d Winter getpoint equipment operation Hwsp hours /week
Shutdown system whan bidg unoccupied? YorN
Present warmup tirthe before occupancy wu hours /day
Haating equipment operating schedule Dh days/week
Purge time before occupancy PT minutes
. Total input rating cf boilers CAP Btu/hr
\ Heating system efficiency increase OAEI decimal

Page of
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GROUF | eunong

| system

—~ Applicable Systems
| 1. Electric Unit Heater L. Direct Firsd Fumace T. Steam/Hot Water Converter 15
! J. Eloctfic Radistion M. Girect Fired qule_r V. HTHW/Hot Water Converter !
1 K Heating/Ventilating Unit Q. Hot Water Radiation b
System Data Entry (continued)
Optimum start/stop eooling savings MBtu cr kWh
Optimum start/stop cig-vent savings MBtu or kWh
Optimurn start/stop cig aux savings KWh
Schaduled start/stop labor savings mh
Optimum start/stop labor savings mh
Outy cycling labor savings mh
Demand limiting labor savings mh
Day/night setback labor savings mh
Vent/recirc labor savings mh
HW outside ar reset labor savings mh
Run time recording labor savings ) mh
Safety alarm labor sévings — | on

System Strategy Selection and Annual Savings

{ ] Scheduled Start/Stop

[ 1 Optimum Siart/Stop

[ ] Duty Cycling

[ ] Dernand Linviting

[ ] Day/Night Setback

{ ] Ventilation/Recircuiation
[} HW OA Reset

[} Run Time Recording

[ ) Safety Alarm
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GROUP BUILDING SYSTEM

Applicable Systems

N. Steam Unit Heater P. Steam Radiation :
O. Hot Water Unit Heater U. HTHW/Steam Converter

o o o e e
pRp—

Systemn Data Entry

Varisble Dsscription
Area of z0ne
Winter thormostat seipoint, occupied wsp *F
_Low temperature limit LTL *F
Winter thermostat set point reset WSPR A °F
Winter setpoint equipment operation Hwsp hours /week
Heating system efficiency HSE decimal
Day/night setback labor savings mh
Run time recording labor savings mh
Safety alarm labor savings mh

System Strategy Selection and Annual Savings

[ ] Day/Nigit Setback
{1 Run Time Recording

[ ] Safety Alarm
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GROULP BUILDING SYSTEM

Applicable Systems

b = e

S. Hot Water Boiler

!
%

System Data Entry

Variable Description

Heating system efficiency

Total input rating of boilers

Boiler conversion efficiency increase
Heating system efficiency increase

Steam boiler selection labor savings
HW boiler selection labor savings
HW Outside air reset labor savings
Run time recording labor savings
Safety alarm labor savings

System Strategy Selection and Annual Savings

[ ] Steani Boiler Setection
[ ] HW Boiler Selection
[} HW OA Reset

[] Run Time Recording
{] Safety Alarm
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GROUP BUILDING SYSTEM
Applicable Systems
| W. Water Cooled DX Compressor Y. Air Cooled Chiller '
1 X. Air Cooled DX Compressor Z. Water Cooled Chiller |

System Data Entry

Variable Description
Cooling operation without EMCS
Cooling operation with EMCS
Cooling energy consumption per ton
Equipment motor horsepower HP np
Equipment motor load factor L decima’
Zone occupied hours OH _— hours/wk
|
Duty cycling shutdown time nCST percant i
Demand limiting shed time DLSTY | percent
Total capacity of chillers TON tons
Chiller selection efficiency increass CSE! percent
Chiller water temperatuce reset CWTR *F H
l Chiller type choice list ***
Pressnt condetiser water terriperature PCWT - *F
Present fan operation choice list ****
Centrifugal chiller motor horsepowar CHP hp
Centrifugal chiller motor efficiency CME decimal
Step down percent of capacity SDC _ | percent
i Step cdown percent of time SOT percent d
Optimum start/stop cooling savings MBtu or kWh
Optimum start/stop cig-vent savings MBtu ¢r kWh
Optimum start/stop cig aux savings Wh
**  KkW/ton or lb-ton/hr
*e* Chiiler types: (1) Centritugal {2) Absorbtion (3) Reciprocal (4) Screw Comp

wse+ Dregsent fan operation (1) Fan now cycles (0) Fan now runs continuously, but wiil cycle
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GROUP BUILDING SYSTEM

Applicable Systems

W. Water Cooled DX Compressor Y. Air Cooled Chiller
X. Air Cooled DX Compressor Z. Water Cooled Chiller

P —

Systemn Data Entry (continued)

Scheduled start/stop labor savings
Optimum start/stop (abor savings
Duty cycling labor savings
Demanc limiting labor savings
Chiier selection iabor savings

Chiller water reset labor savings
Condenser water reset labor aavings
Chiller demand limit labor savings
Run time recording labor savings
Safety alarm labor savings

System Sh:toby Selection and Annual Savings

{ ] Scheduled Start/Stop
{ ] Optimum Start/Stop
[ ] Duty Cycling
{1 Demand Limiting
[ ] Chiller Selection

[ ] Chiller Water Temp Reset

[ ] Condenser Water Ternp Reset
{ ] Chiller Demand Limit

[ ] Run Time Recording [ ] Safety Alarm
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GROUP BUILDING

SYSTEM

Applicable Systems

Variable Description

Total power consumption of lights
Lighting operation without EMCS
Lighting operation with EMCS

Lighting control labor savings
Run time recording labor savings
Safety alarm labor savings

System Strategy Selection and Annual Savings

{ ) Lighting Control
[] Rur Time Recording
[ 7« vAlam

X




Section III. ESA COMPUTER PROGRAM

3-1 INTRODUCTION. The Energy Savings Analysis (ESA) computer
program largely autcmates the procedures outlined in the Energy
Monitoring and Control Systems Savings Manual. The program requires
minimal computer knowledge and is designed tn guide the user while
not suppressing creativity.

ESA is, for the most part, designed to work without referencing the
manual; HOWEVER, the manual does have additional information and may
be of great help if problems are encountered. Context-sensitive help
is available within the program by pressing F1 at any point. This
help supplements the brief function description shown at the bottom
of the screen.

Several files can be customized by the user to meet individual
requirements. See paragraph 3-5.

3-2 PACKING LIST. The following files are included on the ESA
program distribution disk:

CLIMATE .100 Climate data. See paragraph 3-5.1.

DEFAULTS.100 Prcgram data non-zero cdefaults. See paragraph
3-5.2,

ESA - BAT Batch file which may be used to start the
program.

ESACL .100 Choice list file. See paragraph 3~5.3.

ESAHELP .100 Help file. ©See paragraph 3-5.4.

ESA100 .EXE Main program. Do not modify.
ESA100 .VVD Screen file. Do not modify.

README .100 Last-minute information which didn’t make it into
the manual (if any).

3-3 HARDWARE REQUIREMENTS. The following is the minimum recommended
hardware to run the ESA program:

IBM AT class couputer or compatible

EGA color monitor

640 KB RAM with 520 KB free

MS-DOS 3.3

Hard drive with 500 KB free. Additional space will be needed
when data files are written to the hard drive.

e Printer




3-4 GETTING STARTED. The ESA program may be loaded in any directory
desired by the user. The following instructions are an example and
assume that you are using floppy drive A for your program diskette,
hard drive C for ycur working disk, and hard drive program

subdirectory ESA. Make drive and subdirectory selections appropriate .
to your situation.

« Make a backup copy of the program diskette.

« Place the program diskette in floppy drive A. From the DOS
prompt, type each of the following commands ending each command
by pressing the Enter key. Do not type in the comments shown to
the right of each command.

C: <enter> Changes to the C drive.

CD\ <enter> Changes to the root directory.
MD ESA <enter> Creates the ESA subdirectory.

CD ESA <enter> Changes to the ESA subilirectory.

COPY A:*.* <enter> Copies all files from the program
diskette to the ESA subdirectory on the
hard drive.

ESAl100 <enter> Starts the program.

The program may also be started from the ESA.BAT batch file which can
be placed in any directory on the DOS path. Use any plain text
editor to change the C:\ESA path in the batch file if necessary.

3-5 MODIFYING FILES. It is HIGHLY RECOMMENDED that you make kackup
copies of files before performing any modifications and DO NOT modify
any files on the program diskette. ‘

3-5.1 CLIMATE.100 contains the climate data which is accessed when
the user chooses a location from the ESA program. Data is generated
using the methods discussed in Section IV of this manual. The
Location Field may contain up to 30 characters.

If a factor does not apply due to equipment operating constraints or
lack of data within the specified temperature range, enter NA in the |
field. The program recognizes NA and will use appropriate numbers i
(not necessarily zero) internally to null-out any calculatioils which
use the factor.

|

Note: When NA is entered in the CLIMATE.100 file, the
corresponding field in the ESA program will be inaccessible
to the user. If NA is no longer appropriate, either revise
the CLIMATE.100 file entry or enter a new location with new
data from within the ESA program. If climate data is being
entered from within the program, NA may not be entered
directly; instead, refer to the help file for instructions
by pressing the F1l key.




CLIMATE.100 is written in ASCII and may be addad to or modified using
any plain text editor but must maintain the following format:

30 characters maximum

T p
‘ Location: AL, Huntsville
ACWT: 76.0
ANDW: 230
AST: 76.7
AWT: 46.7
. CFLH: 956
HFLH: 408
WKC: 19.8
WKH: 27.3
OAE: 32.73
PRT: 7.5

+~v v+ Comments... v

3-5.2 DEFAULTS.100 contains program data non-zerc defaults. The
file is written in ASCII and may be modified using any pla‘n text

editor. The user may want to modify these values while working on

f large projects to avoid having to change default data on every input
: screen.
|
| 3-5.3 ESACL.)00 is the choice list file for Fuel Type, Heating
f Value, Fuel Units, Chiller Type, and Chiller Fan. A typical listing
/ follows:
J *Fuel_type
| Electricity 3,413 Btu/kWh
| . Fuel oil, distillate #2 138,690 Btu/yal
| Fuel oil, residual #6 149,690 Btu/gal

Natural gas (methane) 1,025 Btu/cf
/ Propane, gas 2,500 Btu/cft

Propane, liquid 91,500 Btu/gal

Bituminous coxl 26,260,000 Btu/svy

Steam 1,000 Btu/lb

ESACL.100 is written in ASCIl and may be modified using any plain

text editor.

value of fuel, and fuel units by editing this file.

You can add to or modify entries for fuel type, heating

‘fhe file may be

WARNING! Do not meodify chiller tvpe ox chiller fan data!

/ up to 50 lines long.
|

‘ 3-5.4 ESAHELP.100 contains the Help file and is accessed with the F1
[ key. A typical listing follows:

| .

| *BMnFile.Quit

| Quit this program. Choose to save or discard changes to the
e current file.

ESAHEIP.100 is written in ASCII and may be customized using aay plain
text editcr. The file may be up to 1200 lines lcng.




3-6 GENERATED FILES.

3-6.1 A PRINTER.100 file is generated and placed in the ESA program
subdirectory whenever the printer configuration is saved. Although
the default settings will work with most printers, the program should
be configured for your printer. See Figure 3-4 for details.

3-6.2 Each basa name generates a subdirectory off of the program
subdirectory. Each building generates files with the name format
BUILDING.??# where BUILDING is the building number, ?? are the first
two characters of the extension, and # is the case number. For
example, for a program subdirectory called ESA on hard drive C, a
base named HUNTSVLE, building Q33, test case 7, and a base named
ADAK, building 24663F14, test case R, the program will generate this
file structure:

24663F14.DLR

24663F14.ESR

24663F14 .SMR
3~6.2.1 BN.D".4 is generated when a detailed report is sent to the
screen, disk, or printer. If program data is changed, this file will
need to be re-generated.

3-6.2.2 BN.ES# contains program data. Do not modify.

3-6.2.3 BN.SM# is generated when a summary report is sent to the
screen, disk, or printer. If program data is changed, this file will
m1eed to be re-generated.




3-7 GENERAL PROGRAM SCREENS. The following pages contain a
description of general program inputs. This information is also
available using the context-sensitive help key F1.

Note: Refer to Section II for reproductlons of variable
data input screens. Refer to Appendix A for a description
of the variables.

File Input - ) ESA

New
Open...

Save
Save As...

Info...

| Quit :
\\'_:_ R N ..\'&\\%N:‘:\ %
RRES \-:-“Q_\}\é%‘sﬁx}\\:{%{ R

Figure 3-1. File Screen
Pile Select cperations related to the current file.

New Create a new file. If changes have been made to the current
file and you have not saved the changes, you will be asked if you
wish to abandon the current file.

open... Open a file that already exists on the disk. If changes
have been made to the current file and you have not saved the
changes, you will be asked if you wish to abandon the current
file. )

Base Name: Enter an existing Base Name or press the F2 key for
a choice list.

Building Number: Enter an existing Building Number or press
the F2 key for a choice list.

Case Number: Enter an existing Case Number or press the F2 key
for a choice list.

S8ave Save the current file to disk using the current base name,
building number, and case number.

Save As... Save the current file to disk using a new base name,
building number, or case number.

Base Name: Enter a Base Name consisting of up to 8
alphanumeric characters with no spaces or press the F2 key for
a choice list.




Building Number: Enter a Building Number consisting cf up to 8
alphanumeric characters with no spaces or press the F2 key for
a choice list.

Cass Number: Enter a Case Number consisting of any
alphanumeric character or press the F2 key for a choice list.

Description: Optional - Enter the file description consisting
of up to 60 charapters.

Info... Show information about the current file.
Base Name, Building Number, Case Number, Descriptiom.

Quit Quit this program. 1If changes have been made to the current
file and you have not saved the changes, you will be asked if you

wish to abandon the current file.




Fil

Input output
:PP P ~

Location
Climate
Building
System...

G
Figure 3-2. Input Screen

Tnput Select the input data categories.

Location Retrieve climatclogical data which has been pre-
calculated for a specific time period and stored in the file
CLIMATE.100. After leaving this help facility, press the F2 key
for a choice list.

P,

Enter a new lucation here followed by climatolngical data using
the Climate option below. A location entered here will ke
associated with THIS FILE ONLY. To add data to the CLIMATE.100
file, see Section IIl of the EMCS Savings Calculations Manual.

Climate Review or modify climatological data wlhich has been pre-
calculated, stored in che file CLIMATE.100, and selected using the
Location option above.

=<OR~-

Entered climatological data for the new location specified using
the Location option above. .

-=IN EITHER CASE-~

MoGified or new data will ke associated with THIS FILE ONLY. To
add data to the CLIMATE.1C0 file, see Section III of the EMCS
Savings Ceiculations Manual.

Refer to Section II for reproductions of variable Jdata input
screens. Refer to Appendix A for a descripticn of the
variables.

Building Enter the building data as outlined on the subseguent
screens. These parameters may be calculated using methods
described in Section IV of the EMCS Savings Calculations Manual.

Check hers if chiller uses steam Check this box if the system
chiller is steam driven. Don’t check this box if the system
chiller is electric. If there is no system chiller, it doesn’t
matter whether this box is checked or not.




Heating Puel Type Select the type of fuel used to heat the
boiller(s). Press the F2 key for a choice list.

Refer to Bection II for reproduccions of variable data input
screens. Refer to 2ppendix A for a description of the ‘

variables.

System... Select the HVAC systems which are being considered for
the EMCS. For additional information on EMCS systems, refer to
Energy Monitoring and Control Systems, Manual TM-815-2/NAVFAC

DM-4.09/ AFM 83-36.

S8ystem Data Entry

System Description Enter the system description including
the type/name/number/location as appropriate.

Refer to Bection II for reproductions of variable data input
screens. Refer to Appendix A for a dascription of the

variables.

System Strategy Selection and Savings Use the space bar to
select the desired strategies. 1Individual strategy savings and

total selected savings are displayed.




output Hel i ESA

LT L)L

Screen
Printer Detailed report
Disk Summary reporct

SRR

Fiéure 3-3. Output Screen
Ooutput Select output format.

Screen View output report on monitor screen. Any output sent to
the screen will automatically be saved to disk. For additional
information, see Disk below.

Detziled report This choice will display a report containing
both the input data used and the resultant energy savings.

Summary repoxt This choice will display a report containing
only the energy savings resulting from the calculations.

Printer Print output report. Any output sent to the printer will
automatically be saved to disk. For additional information, see
Disk below.

Detailed report This choice will send a report, containing both
the input data used and the resultant energy savings, to your
printer. Choose OUTPUT, SCREEN to view the report prior to
printing. '

summary report This choice will send a report, containing only
the energy savings resulting from the calculations, to your
printer. Choose OUTPUT, SCREEN to view the report prior to
printing.

Disk Write output report to disk file. Files are saved to the
subdirectory with the same name as the base under the main program
directory (typically ESA). For example, files for the base named
HUNTSVLE would be stored as follows:

C:\ESA\HUNTSVLE\<filename>

Detailed report This choice will print a report, containing
both the input data used and the resultant energy savings, to
disk. Choose OUTPUT, SCREEN to view the report prior to
printing.

summary report This choice will print a rezport, containing
cnly the energy savings resulting from the calculations, to

disk. Choose OUTPUT, SCREEN to view the report prior to
printing.

3-9




= Printer Setup

[X] PC line drawing character set

Page Margins
width: 80 ' Top: Left: Header:
Length: 60 Bottom: Right: Footer:

Strings
Header: <fn>}|<fd> <ft>
Footer: |-<pg>-|
Initial:
Terminal:

Figure 3-4. Configuration Screen
Config Configure the printer for printing the report.

PC line drawing character set Check this box if your printer
supports the PC line drawing character set. If this box is not
checked, only ASCII characters will be used for the printed
reports.

Page Width The page width is represented by the number of
characters that could fit on cne line of a page with no
margins. This value will depend on the size and orientation of
the paper, and on the printer font size used.

Top Margin The top margin is the number of lines (blank lines
plus header line) from the first possible line at the top of
the sheet to the actual first line of printed text in the body
of the report.

For example, if the prirnter line spacing is set at 6
lines/inch, then the default value of 6 will provide a top
margin of 1 inch. Note that laser printers usually cannot
print closer than 0.25 inches to the edge, so the default value
would provide a top margin of about 1.25 inches in this case.

Left Margin The left margin is the number of characters from
the left side of the sheet to the first character that can be
printed on a line.




Header Margin The header margin is the number of blank lines
following the header line to the first line of printed text in
the body of the report. If the header line is blank, the
header margin value has no effect.

Pags Length The page length is represented by the number of
lines of text that could fit on a page with no margins. On
laser printers, the page length is usually in the range of 60
to 66 for portrait mode. On dot-matrix printers, the page
length is usually 66.

Bottom Margin The bottom margin is the number of lines (blank
lines and footer line) from the last line of text in the body
of the report that can be printed on a page to the last
possible line at the bottom of the sheet.

Right Mzrgin The right margin is the number of characters from
the last character that can be printed ,n a line to the i ight
side of the sheet.

FPooter Margin The footer margin is the number of blank lires
from the last line of text in the body of the report that can
be printed on a page to the footer line. If the footer line is
hlank, the footer margin value has no effect.

Header S8tring Enter text to be printed at the top of each
printed page. The text string has the format of: textl | text2
| text3, where the vertical bars delimit text that is left,
centered, and right justified. 1In addition, tokens can be used
to indicate other information as follows:

<fn> - file name <fd> - file date
<pg> - page number <ft> - file time
<}> = vertical bar <sd>. - system datz
<<> - left angle bracket <st> - system time

Example: <fn>)]|<fd> <ft> means to print the name of the file
left justified and to print the file date and file time right
justified on the header line.

Pooter B8tring Enter text to be printed at the bottom of each |
printed paye. The text string has the format of: textl | text2

| text3, where the vertical bars delimit text that is left,
centered, and right justified. 1In addition, tokens can be used

to indicate other information as follows: |

<fn> - file name <fd> - file date i
<pg> - page number <ft> - file time

<}> = vertical bar <sd> - system date

<<> =« left angle bracket <st> - system time

Exampie: |-<pg>-| means to print the page number centered on
the footer line.



Initial 8tring Enter a data string to be sent to the printer
when printing starts. The reports needs to be printed using a
fixed width font such as Courier. If you need to set your
printers font, this is the place to do it.

Tokens can be used for data that can not be represented by
printable ASCII characters. The following tokens can be used:

<e> or <esc> - escape character
<0> thru <254> - ASCII value
<<> - left angle bracket

Example: <esc>E means, on certain laser printers, to reset the
printer.

Terminal String Enter a data string to be sent to the printer
when printing ends. Tokens can be used for data that can not
be represented by printable ASCII characters. The following
tokens can be used:

<e> or <esc> - escape character
<0> thru <254> - ASCII value
<<> -~ left angle bracket

Example: <esc>E means, on certain laser printers, to reset the
printer.

@




File Input out ut Help Quit ESA

NN B8R %ﬁ‘%\\% RO ey

“ﬁ¢%EZ" Context help
S Keyboard

About...

Figure 3 -5. He P Screen

Help Select help topics.
Context help Get information on the help facility.

Keyboard Get information about the use of the keyboard in the
program.

About... Get information on this program.

Quit Quit this program after choosing to save or discard changes to
the current file (if any).

The following function keys are available while on a MENU screen:

Eey Action

Alt-F1 While in the help function (Fl), toggles between split
screen and full screen display.

Cctrl-End Moves the selection bar to the last item on the menu.

Ctrl-Home Moves the selection bar to the first item on the menu.

ctrl-s Saves the file to disk using current file name.

Down Arrow Moves to the item located below the current item.

Enter Invokes the action specified for the selected item.

Esc Moves tc the previous menu.

Fl Invokes the system help function, if enabled.

Left Arrow g:ves to the item located to the left of the current
item.

Right Arrow Moves to the item located to the right of the current
item.
Up Arrow Moves to the item located above the current item.




The following function keys are available while on a DATA screen:

Key
Alt-F1

Blcktpacd
Ctrl-End
Ctrl-Home
Ctrl-8s
Alt-D
Alt-X
Alt-N
Alt-P

Del

Down Arrow

End

Enter
Esc

) 3§

re

b

]
e
Fl0
Home
Ins

Left Arrow

Action

While in the help function (F1), toggles between split ‘

screen and f£ull screen display.

Deletes the character to the left of the cursor.
Moves to the last item on the form.

Moves to the first item on the form.

Saves the file to disk using current file name.
Deletes current record.

Inserts new record.

Moves to next record.

Moves to previous record.

Deletes the character at the current cursor position.

Moves to the next item located physically below the
current one.

Moves the cursor to the end of the field.

If a data field, enters the data into a field; if a
button, invokes the action specified for the button.

Quits the form, abandoning any changes made to the
fo

Invokes the system help function, if enabled.

Processes the attached choice list, if any, for the
current field.

Clears the field.
Moves to the previous item on the fornm.

eS8 ¥ . w.@ next item on the form.
Exits the form, saving any changes made to the form.
Moves the «<urxsor to the beginning of the field.
Toggles ). .ween insert and overstrike mode.

Moves the cursor one position to the left.

3-14




. Page Up

Rigkt Arrow
Shift-r3

8hift-Fé
8hift~F7
. 8hift-¥8
S8hift-Tab

S8pace

Tad

Up Arrow

Moves cursor to record summary screen. Press again to
move cursor to choice buttons.

Returns cursor to field which was exited when Page
Down wvas pressed.

Moves the cursor one position to the right.

Clears the field and displays the original value in
the field.

Clears from the cursor to the end of the field.
Goes to the previous form in a list of form pages.
Goes to the next form in a list of form pages.
Moves to the previous item on the form.

Toggles the strings for boolean toggle fields, if
enabled for field.

Moves to the next item on the form.

Moves to the next item located physically above the
current one.




THIS PAGE INTENTIONALLY LEFT BLANK
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Section IV. FACTOR CALCULATIONS

4-1 INTRODUCTION. This section describes the development of factors
which are based on the location’s climate and building
characteristics. The information is presented so that the user can

« Understand the source of the climate and building facto's used
in the ESA program.

- Develop factors for locations which are not currently containead
in the ESA program.

4-2 BACKGROUND. The factors in this section must be determined for
use in the savings calculations. The climate related factors use
data from , AFM 88-29/TM 5~785/NAVFAC P-89.

This is generalized data which will yield acceptable results.

For example, if a base has a yearly schedule for running boilers from
1 November to 15 March and chillers from 20 May to 30 September, then
those time periods should be used for the Weeks of Heating (WKH) and

Weeks of Cooling (WKC).

4-3 HOW TO USE THIS SECTION. The following information is presented
for each factor to be calculated.

e  APPLICATION lists the EMC3S calculations where the factor will be
used.

* BASIB describes any initial conditions or assumptions made for
the calculation.

e REQUIPED DATA describes the information required for the
calcn.ation and where to find it.

+ EXAMPLE CALCULATION demonstrates the calculation procedure based
on conditions, assumptions, and data mentioned above. The
example uses climatological data from the Springfield MAP,
Missouri.

4-4 FACTOR CALCULATIONS. For clarity, factor calculations are
explained using examples. Climate based factors for any location in
the Engineering Weather Data manual can be derived in a manner

similar to the examples.
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Springfield MAP, Missouri Weather Data,

Figure 4-1.




2
1607

1802

o

by b

2|2
78 829
119 1223

>
-

Yl b
" lllqll 151 %

T3 v &l i% 9 9%

=

24 s

Wmlieg | INNCW l’llﬂliii

T 7 & el | VY

by ok

96 76 93 76

3 X; 8512
s W 4486 9875 94 1822 §

(14

- Bue
Ow | % ’lll»=== Soend

Sy b

Lecanm

ks ANG
AFB/Grandview

nAP

¥ Zrcenll

38 Cit
Malden AP

Jefferson Barsac
Lake Cit

Joplin RAP

Richards-Cebaur

Hanaibal
wan

|
eggaals  gomvg e=ven ~3°n  EEES

~O® ~ - coown

o) gl gl G Ll —r=1-1_J

wnuoo] = ~OOO~ 00000 ©OWOOo non

guanel 2 SRec2 ILSSR Saen et

anano] & DN mm MMEAGNN TOMN 000

sogee 8 gre~m =N2°2 SR8R 2209

o) ool gl gy 0y o0 “
~wowon] © neOy smnmN ~ YD +
el no GO DOOD -t g
onmnnl @ gRuNe JIIRE SBES SN c
geovel & 53328 IBVING IRES 4 A
eveeel @ 0wgRN RGNS B8BT ~RRN "
snoee] 8 33038 29887 SN2I  FEas &

1 ¥
azz g a;;au ga;:! Bumw wnew -
wunne] 8 SR QMM AneR anas 5
OO - 383 - N s\ Do o=t omt e [ 7]
el - DAID DODNO WOOO e~ ~

-4
sIx3c .  #990% 33385 2233 333 ]

FS)
ronen] @ INTTT BTN SRIS RRRR E
gsomel @ 3232 SRE3R SRS SEGS =

o
<332 nemYs NSNS ~omn Sees H

e WROMN WOmO WONN SO

- L T 1 J e @ PP o 8
O ~ OMRBTW FOVOG OGO -1-1-1 ] 2
;!l! ; !“;ﬁ“ 3!;!! £ 17 ;g;' x

-

covmelle ongom mmexe ewmen o7 &
[ I B [ I I I [ ] [ ] ;
anemed o mmesy gummn gDy TN
TR EN vt e e 0 [ ]

—
4 3 52333 JIVN S8 =532 o
HNnNg ® DN~ NG e WD =S DO = e

PARAN AmAOw MMM esame -

o
waumon] m o ~ " NE AOWN s
D] ™ DN NNONN —OON NN ﬁ
sgesal 2 gunng ozl 258 -4+ 8
eneoel @ snone JNRSS AN8S =3sss .
aeeac] @ 20008 SI9ST SOST =1-2-3- N ;

- |

® |

| ¥

. < 2
L - »

& 2] % o :
-« XX} R :
[ 4 - [

s Zslg S

3 =53l & = 2 .

s.48%s 3 g 8 £

Statol & e » < s;

£<2°3 < % = e >0 sa=3

iuna« ® o .M -g -.E 8-‘& =un

s33sul§ B Es3 S3.32 :33m _3LES

3833 Lo38 wetaw -de § &e

o o P o e eme @ @bt dsds 3 T8

wwewd] & 2RS5R2 5t —:=§ 533"

-+44-3- I geacae S3¥2% AEES 886325

4~4 = =




4a-4.1 ACWT - average Entering condenser Water Temperat ire.
’ APPLICATION: Conderiser Water Temperature Reset Savings Calculation.

This procedure determines the average entering condenser water
temperature which can be obtained from a cooling towexr during the
cooling season at a given locaticn. The calculated value can be used
for any cooling tower in the same gecographic location.

. BASIS: Calculated during normal operating time period of 0900-1600
for temperature ranges above 55°F. Assumed approach
temperature = 16°F. ‘This is the difrerence between the outside air

. wet bulb temperature and the entering condenser water temperature due
to heat gain from pumps, friction, and ambient conditions.

REQUIRED DATA: Using Engineering Weather Data,

1. In Chapter 3, find Total Annual Mean Coincident Wet Bulb (MCWB)
temperatures for dry bulb temperature ranges above S55°F.

2. In Chapter 3, find 0900-1600 Annual Total Hours for
corresponding MCWB temperatures.

EXAMPLE CALCULATION: The fcllowing example uses data from
Springfield MAP, Missouri (Figure 4-1).

1. Calculate Condenser Water Temperature and Condenser Water Degree

’ Hours for each MCWB Temperature.
Condenser

Annpa> Water 0900-1600 Condenser
Temp Total Temp Annual Watex
Range MCWB Temp (MCWB+10°) Total Degree
255°F 4 3 Hours Hours
110/114 77 87 * 0 = 0
105/109 74 84 * 1l = 84
100/104 74 84 * 4 = 336
95/99 74 84 * 39 = 3276
90/94 74 84 * 121 = 10164
85/89 72 82 * 232 = 19024
80/44 70 80 * 295 = 23600
75/79 686 78 * 279 = 21762
70/74 66 76 * 272 = 20672
65/69 62 72 * 228 = 16416
€0/64 57 67 * 204 = 13668
55/59 52 62 * 181 = _il222
. TOTALS 1856 140224
hr/yr ‘Fehr/yr
2. ACWT = Z Condenser Water Deqree Hours = 140224°Fehr/yr = 75.6°F

0 £ Annual Total Hours 1856 hr/yr
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4-a.2 ANDW - annual Number of Davs Requiring Morning Warmup.
APPLICATION: Ventilation and Recirculation Savings Calculations.

BASIS: Calculated during normal start-up time period cf 0100 to 0800
£~r temperature ranges below 65°F when boiler is available. ANDW is

s_of boiler
operation if legss than ANDW.
REQUIRED DATA: Using Engineering Weather Data,

1. In Chapter 3, find 0100-0800 Annual Total Hours for specified
tenmperature ranges.

EXAMPLE CALCULATION: The following example uses data from
Springfield MAP, Missouri (Figure 4-1).

1. Calculate the sum of Annual Total Hours.

Tenp 0100-0800
Range Annual Total
<65°Y Hours
60/64 318
55/59 235
‘50/54 208
45/49 206
40/44 219
35/39 235
30/34 237
25/29 195
20/24 107
15/19 74
10/14 46
5/9 19
0/4 13
-5/=1 4
-10/-6 1
TOTAL 2114
hrs/yr

2. ANDW = I Annual Total Hours = 2114 hrs/vr = 264 days/yr
8 hrs/day 8 hrs/day

@




a-a.3 AST - W@ﬂr&

' APPLICATION: Scheduled Start/Stop Savings Calculation.

BASIS8: Calculated during normal off-time periods of 0100-0800 and
1700-2400 for temperature ranges abnve 70°F.

REQUIRED DATA: Using Engineering Weather Data,

1. In Chapter 3, find 6100-0800 and 1700-2400 Annual Total Hours
for specified temperature ranges.

2. Determine mean temperatu;es for each temperature range.

EXAMPLE CALCULATION: The following example uses data from
springfield MAP, Missouri (Fiqure 4-1).

1. Calculzte Annual Summer Degree Hours for each Mean Temperature.

Mean
Temp 0100-0800 1700-2400 Annual
Temp rer 5° Annual Annual Summer
Range Range Total Total Degree
270°F ~E Bours Hours Hours
95/95 7.5 * (0 + 9) = 877.5
90/94 22.5 *> - (0 + 32) = 2960
85/89 87.5 * (4 <+ 78) = 7175
80/84 82.5 * (29 + 151) = 14850
75/79 77.5 * (1465 + 252) = 276587.5
70/74 72.5 * (304 + 325) = 6032 .
TOTALS 442 847 99132.5
hr/yr hr/yr *Fehr/yr
2. AST = Z Anpual Summer pearee Hours

£ All Annwal Tctal Hours

= _99,135.5 F-hr/yx = 76.9°F
(442 + 847) hr/yr




a-4.4 AWT - axsragg_ﬂiﬂ:gr;mgmagra:nxs-

APPLICATION: Scheduled Start/Stop and Ventilation and Recirculation
Savings Calculations. q

BASIS: Calculated during 24 hour time period for temperature ranges
below 65°F.

REQUIRED DATA: Using Engineering Weather Data,

1. In Chapter 3, find 24 hour Annual Total Hours for specified
temperature ranges.

2. Determine mean temperatures for each temperature range.

EXAMPLE CALCULATION: The following example uses data from
Springfield MAP, Missouri (Figure 4-1).

1. Calculate Annual Winter Degree Hours for each Mean Temperature.

Mean Temp Annual
Temp Per 5° Annual Winter
Range Range Total Degree
<65°F 3 Hours Hours
60/64 62.5 * 768 = 48000
55/59 57.5 % 619 = 35592.%
50/54 52.5 * 598 = 31395

45/49 47.5 * 608 - 28880 d
40/44 42.5 * 603 = 25627.5
35/39 37.5 * 606 = 22725
30/34 32.5 * 577 = 18752.5
25/29 27.5 * 412 = 11330
20/24 22.5 * 230 = 5400
15/19 17.5 * 141 = 2467.5
10/14 12.5 * 8s = 1062.5

5/9 7.5 * 39 = 292.5 j
0/4 2.5 * 21 = 52.5

-5/-1 -3.5 * 6 = -21 !

-10/-6 -8.5 * 1 = __ _=-8.5 !
TOTALS 5324 231548

hr/yy ‘Fehr/yr §

2. AWT = Z Annua) Winter Degree Hours = 231548°F-hr/yr = 43.5°F
% Annual Total Hours 5324 hr/yr




a-4.5 CFLH - apnual Equivalent Full-Load Hours for Cooling.

’ APPLICATION: Chiller Selection, Chiller Water Temperature Reset,

Condenser Water Temperature, and Chiller Demand Limit Reset Savings

Calculations.

BASIS: Calculated during 0900 to 1600 time period for temperature
ranges aqual to or above 65°F. CFLH is limited by chiller
avallability: use sches

H duled days of chjllex operation if less than
. CFLH.
REQUIRED DATA: Using Enginee

1. In Chapter 1 or 2, find 2.5% Summer Design Data Dry Bulb
Tenperature.

2. In Chapter 3, find 0900-~1600 or 24 hour Annual Total Hours for

specified temperature ranges.
| 3. Determine mean temperature for each temperature range.
EXAMPLE CALCULATION: The following example uses data from
Springfield MAP, Missouri (Figure 4~1), for the 0900-1600 time
period.
l. 2.5% Summer Design Data Dry Bulb Temperature (SDDDRT) = 93°F.

2. Calculate Cooling Degree Hours for each Mean Temperature.
@

Mean Temp Mean 0900-16060
Temp Per 5° Temp Annual Cooling
Range Range minus Total Degree
265 °F 2F 65° Hours Hours
105/109 107.5 42.5 * 1 = 42.5
100/104 102.5 37.5 * 4 = 150
°5/99 97.5 32.5 * 39 = 1267.5
90/94 2.5 27.5 * 121 = 3327.5
85/89 87.5 22.5 * 232 = 5220
80/84 82.5 17.5 * 295 = 5162.5
7%/79 77.5 12.5 * 279 = 3487.5
70/74 72.5 7.5 * 272 = 2040
65/69 67.5 2.5 * 228 = __570
‘ TOTAL
21267.5
. *Fehr
3. CFLH = Z Cooling Degree Hours = 21267.5°'F<hr = 760 hr/yr
SDDDBT-65"F 93°F-65°F




4a~4.6 HFLH - pnpual Equivalent Full-load Hours_for Heating.

APPLICATION: Boiler Selection and Hot Water Outside Air Reset
Savings Calculatcion. ‘1

BASI8: Calculated during 0900-1600 time period for temperature

ranges below 65°F. HFLH is limited by bojler availabilitv: use
heduled & e boil ti I Jess tI HELH.

REQUIRED DATA: Using Engineerinag Weather Data,

1. In Chapter 1 or 2, find 97.5% Winter Design Data Dry Bulb
Temperature.

2. In Chapter 3, find 0900-1600 or 24 hour Annual Total Hours for
specified temperature ranges.

3. Determine the mean temperature for each temperatuire range.
EXAMPLE CALCULATION: The following example uses data from

Springfield MAP, Missouri (Figure 4-1), for the 0900-1600 time
period.

1. 97.5% Winter Design Data Dry Bulb Temperature (WDDDBT) 9°F.

2. Calculate Heating Degree Hours for each Mean Temperature.

Mean Temp 65° 0900-1600
Temp Per 5° Minus Annual Heating .
Range Range Mean Total Degree
<65°F ZF Temp Hours Hours
60/64 62.5 2.5 * 204 = 510
55/59 57.5 7.5 * 181 = 1357.5
50/54 52.5 12.5 * 182 = 2275
45/49 47.5 17.5 * 191 = 3342.5
40/44 42.5 22.5 * 173 = 3892.5
35/39 37.5 27.5 * 160 = 4400
30/34 32.5 32.5 * 149 = 4842 .5
25/29 27.5 37.5 * 92 = 3450
20/24 22.5 42.5 * 54 = 2295 |
15/19 17.5 47.5 * 28 = 1330 !
10/14 12.5 52.5 * i8 = 945
5/9 7.5 57.5 * 8 = 460 |
0/4 2.5 62.5 * 4 = 250 |
-5/-1 -3.5 68.5 * 1 = _68.5 |
TOTAL 29418.5 !
*Fehr 1
3. HFLH = Z Heating Deqree Hours = 29418.5°F-hr = 525 hr/yr
65° - WDDDB 65°F-9°F




4-4.7 WKH - weeks of Heating.

APPLICATION: Scheduled Start/Stop, Day/Night Setback, Ventilation
and Recirculation, Hot Deck/Cold Deck Temperature Reset, and Reheat
Coil Reset Savings Calculations.

BASIS: For Weeks of Heating use all a

nnual total hours lkelow 65°F.
NI\ < H > & i

REQUIRED DATA: Using Engineerina Weather Data,

1. In Chapter 3, find 24 nour Annual Total Hours for specified
temperature ranges.

EXAMPLE CALCULATION: The following example uses data from
Springfield MAP, Missouri (Figure 4-1).

1. Calculate the sum of Annual Total Hours.

Temp Annual Total
Range Hours
<65°'F below 65°
60/64 768
55/59 619
50/54 598
45/49 . 608
40/44 " 603
35/39 606
30/34 577
25/29 412
20/24 240
15/19 141
10/14 85
5/9 39
0/4 21
-5/=-1 6
-10/-6 1
TOTAL 5324
hrs/yr

2. 7 days/wk * 24 hrs/day = 168 hrs/wk

3. WKF = 3 Annual Total Hours <65° = 5324 hrs/yr = 31.7 wks/yr
168 hrs/wk 168 hrs/wk
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a-4.8 WKC - yeeks of cooling.

APPLICATION: Scheduled Start/Stop, Day/Night Setback, Ventilation q

and Recirculation, Hot Deck/Cold Deck Temperature Reset, and Reheat
Coil Reset Savings Calculations.

BASIS: For Weeks of Cooling use all annual total hours above 70°F.
WRC is limited by chilier availabilitv: use scheduled days of chiller
:pexation if less than WKC.

REQUIRED DATA: Using Enaineexring Weather Data,

1. In Chapter 3, find 24 hour Annual Total Hours for specified
temperature ranges.

EXAMPLE CALCULATION: The following example uses data from
Springfield MAP, Missouri (Figure 4-1).

1. Calculate the sum of Annual Total Hours.

Temp Annual Total
Range Hours
>70°F above 70°
105/109 1l
100/104 4
95/99 48
90/94 153
85/89 ° 314 q
80/84 475
75/79 636
70/74 901
TOTAL 2532
hrs/yr

2. 7 days/wk * 24 hrs/day = 168 hrs/wk

3. WKH = £ _Anpual Total Hours >70° = 2532 hrs/yr = 15.1 wks/yr
168 hrs/wk 168 hrs/wk i
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a-a.9 OAE - average outside Air Enthalpy

APPLICATION: Scheduled Start/Stop and Ventilation and Recirculation
Savings Calculations.

BASIS: Calculated during the normally unoccupied time periods of
0100-0800 and 17G0-2400 for dry bulb temperatures abocve 70°F.

REQUIRED DATA: Using Enainzering Weather Data,

1. In Chapter 3, find Total Annual Mean Coincident Wet Bulb (MCWB)
temperatures for dry bulb temperature ranges above 70°F.

1. In Chapter 3, find 0100-0800 and 1700-2400 Annual Total Hours
for corresponding MCWB temperatures.

EXAMPLE CALCULATION: The following example uses data from
Springfield MAP, Missouri (Figure 4-1).

1. Calculate Anhual Degree Hours for each MCWB Temperature.

Annual
Total 0100-~G800 1700-2400C
Temp MCWB Annual Annual Annual
Range Temp Total Total Degree
270°F ‘¥ Hours Hours Hours
95/99 74 * - (0 + 9) = 666
90/94 74 * (G + 32) = 2368
85/89 72 * (4 + .78) = 5904
80/84 70 * (29 + 151) - 12600
75/79 68 * {108 + 252) = 24276
70/74 66 * (304 + 325) = 41514
TOTALS 442 847 87328
hr/yr hr/yx *Fehr/yr
2. Average wet bulb temperature = _JF Anpual Degree Hours
% All Annual Total Hours
= _87328°Fehr/yr = 67.7°F
(442 + 847) hr/yr
3. Using Table 4-1 and interpolating where necessary, find the
enthalpy which corresponds to the wet bulb temperature
of 67.7°F.

OAE = 32.14 Btu/lb




Table 4-1. Enthalpy of Air for Selected Wet Bulb Temperatures
Wet Buldb Enthalpy Wet Bulb Enthalpy q
40 15.20 70 34.00
41 15.66 71 34.86
42 16.14 72 35.74
43 16.62 73 36.64
44 17.11 74 37.56
45 17.61 75 38.50
46 18.12 76 39.47
a7 18.64 77 40.46
48 19.17 78 41.47
49 19.71 79 : 42.50
50 20.26 80 43.57
51 20.82 81 44 .65
52 21.39 82 45.77
53 21.97 83 46.91
54 22.57 84 43.98
55 23.17 85 49.28 q
56 23.739 86 50.52
57 24.42 87 51.78
58 25.07 88 52,07
59 25.73 89 54.40
60 26.490 90 %$5.76
61 27.09 91 57.16
62 27.79 92 58.59
63 28.51 93 60,06
64 29.24 54 61.57 ;
65 29.99 95 63.12 |
66 30.76 96 64.70
67 31.54 97 €6.33
68 32.34 98 68.01
69 33.16 99 69.73
100 71.49




4-4.10 PRT - percent Run Time to Maintain Low Temperature Limit.
APPLICATION: Scheduled Start/Stop Savings Calculation.

BASIS: The percent run time is the percentage of scheduled off time
during unoccupied periods when the fans and pumps must come back on
in order to maintain a 55°F low temperature limit. Use the actual
equipment schedule if available

REQUIRED DATA: Using Engingg:ing_ﬂgg;hg;_gggg and Figure 4-3 of this
manual,

1. In Chapter 1, find the annual Heating Degree Days.
2. Using Figure 4-3, find the corresponding percent run time.

EXAMPLE CALCULATION: The following example uses data from
Springfield MAP, Missouri (Figures 4-1 and 4-2).

1. Frow Tngineering Weather Data, Heating Degree Days = 4570
2. From Ficure 4-3, PRT ® 15%
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a-4.11 BTT - puilding Thermal Transmission.

APPLICATION: Scheduled start/stop and Day/Night Setback Savings
Calculations.

BASIS8: This factor reflects the amount of heat loss (gain)
attributable to the building’s type of construction and amount of air
infiltration.

Most data needed to calculate the U factor and Infiltration have been
reproduced in Appendix C from the ASHRAE Handbook, Fundamentals. For
additional information, refer to the Handbook.

REQUIRED DATA:

1. U (Btu/hre«°F-ft?) - Thermal transmittance factor for walls,
windows, doors, and roof. These factors may be calculated using
metiiods discussed in Chapter 22 of the ASHRAE Handbook--
Fundamentals. Note: U=1/R

2. I (cfm) - Total air infiltration for the building which may be
calculated using methods discussed in Chapter 23 of the ASHRAE
Handbook~-Fundanentals.

3. 1.08 (Btu/cfmehre°F) - constant (ref Appendix A)

4. Af (ft!) - Gross floor area of the building which can be
determined from the field survey data.

CALCULATION:

For parallel heat flow paths,

UA,  (Btu/hre°F) - Modified Combined Thermal Transr.ttance Factor.
This modified combined U factor is for all exterior surfaces (walls,
windows, doors, roof) and may be calculated using methods discussed
below and in Chapter 2z of the ASHRAE Handbock--Fundamentals (ref
Appendix C).

Repeat the U x A calculation for each different type of wall, window,
door, or roofing material.

uo‘o = Uull X kmll, net + Uaindou S Auic'\dtm + Udoof- X adoor + tJmof X Aruof

BTT (Btu/hreft?+°F) = UA, + (I x 1.08)

AL
EXAMPLE CALCULATION:

See example calculation in Section 6 of this manual. Refer to

Chapter 22 and 23 of the ASHRAE Handbook--Furdamentals for additional
examples.




Ref Factor Calculated Value
4-4.1 ACWT - ‘F
4-4.2 ANDW = days/year
4~-4.3 AST - *F
4-4.4 AWT = *F
4-4.5 CFLH = hrs/year
4-4.6 HFLH = nrs/year
4-4.7 WKH = weeks/year
4-4.7 WKC = weeks/year
4-4.8 OAE = Btu/1b
4-4.9 PRT = 3

UoAo = Btu/hr-*F
4-4.10 I - cfm

Af = ft?

BTT = Btu/hreft? . F

Figure 4-4. Factor Summary




Section V. SAVINGS CALCULATIONS

5~1 INTRODUCTION. This section describes the EMCS savings
calculations. The calculations use climate based and building based
factors which were developed in Section IV. The information is
presanted so that the user cu&n understand the development of savings
Zigures generated by the ESA program and perform mshwal calgulations
if required.

5-2 BACFGROUND.

Figure 5-1 shows the typical HVAC related mechanical systems found in
an industrial/commercial building and the EMCS strateqgy or strategies
applicable to each. The reasoning behind the use of the strategies

is discussed in Section III cof Enerqy Monitoring and Contreol_svstems,
TM5-815~2/NAVFAC DM-4.09/AFM 88-36.

Sinze it is not possible to completely describe all activities
involved in the engineering design process, this section is meant to
be used only as a framework for EMCS analysis. Every facility is
differant and various calculations must be adapted, augmented. or
ignored as the situation requires. The judgement required to make
these decisions requires professional engineering personnel familiar
with the mechanical systems, electrical systems, and EMCS.

5-3 HOW TO USE THIS SECTION. For simplicity, units of measure for
constants and conversion factors have not been included in the
calculations. Refer to Appendix A for variable definitions, units of
measure, and typical values where applicable. Refer to Appendix B
for constants and conversion factors complete with units and limited
discussion.

Each calculation results in an answer with units of energy per year.
The summary sheet lhias prcvision for converting units of energy to
units of fuel. Savings strategies can be compared on the basis of
enexrgy used or the fuel cost of providing that energy.

Care must be taken not tc calculate the same heating or cooling
savings for both the secondary system and primary system serving it.
For example, consider a chiller providing chilled water to the

AHU wkich provides cooling for Zone 1 of a building. Scheduled
Stert/Stop cooling savings for 2cne 1 may be calcnlated for the
chiller or the AHU but noft both.

Follow the procedure outlined for each calculation while paying
attention to any applicaticn notes. Where applicable, use total HP
for all fans, cooling, and heating pumps associat:ed with this systen.
EXCFPTION: For parkeged units such as Air Cooled Chillers and Air
Cooled DX unit:s, include HP as a component of the CPT factor.
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Figure 5-1. Energy Conservation Program Applications
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5-4 SAVINGS CALCULATIONS.

s-4.1 Scheduled Start/Stop

APPLICATION NOTES:

1. Use average winter temperature (AWT) in place of the low

temperature limit (LTL) if:
a. No low temperature limit is desired (set PRT - zerd) or
b. AWT > LTL.
- If PRT = zero or AWT > LTL, the ESA program wiil automatically
use AWT in place of LTL. '

2. For WKH and WKC use actual length of heating and cooling seasons
if known.

3. For Hh‘Hc use currently scheduled time for equipment operation
or estimate using the hours of occupancy plus 2 hours per cay
for warmup/cooldown. For HhEMCS/HCEMCS also add warmup/cooldcwn
times.

4. Do not shut down fans which are required for minimum ventilation
or in-line circulating pumps on hct water systems.

CALCULATIONS:

®-

Heat loss/gain through the structure
Heating savings (MBtu/yr):

WSP- - : 1K
HSE x 106

Heating savings for Electric Unit Heater and Electric Radiation
(XWh/yr) :

wSP- -HhEMC
HSE x 3413

Cooling savings with electrically driven chiller
(kWh/yr with CPT in kW/ton):

T-S8S He - CS) x WKC x €
12,000

Cooling savings with steam driven chiller
(MBtu/yr with CPT in 1lb/hr-ton):

BIT x Az X (AST-SSP) X (Hc-HcEMCS) x WKC x CPT x 1000
12,000 x 108

5-3




2. Heat loss/geain through ventilation air
Heating savings (MBtu/yr):

CIM X POA x 1,08 x (WSP-AWT) x (Hh-HhEMCS) x WKH
RSE x 10%

Heating savings for Electric Unit Heater and Electric Radiation
(kWh/yr):

CFM x POA x 1,08 x (WS®-AWT) x (Hh-HhEMCS) x WKH
HSE x 3413

Cooling savings with electrically driven chiller
(kWh/yr with CPT in kwW/ton):

CRM x POA x 4,5 x (OAE-RAE) x (He-HCEMCS) x WKC x CPT
12,000

Cooling savings with steam driven chiller
(MBtu/yr with CPT in 1lb/hreton):

4 - Cx CPT x 1000

12,000 x 10‘
3. Auxilizry equipmsnt operation
Heating auxiliary savings (kWh/yr):
HP ¥* L x 0.746 x {Hh-HhEMCS) x WKH x (1-FRT)
Cooling auxiliary savings (kWh/yr):

HP x L x G.746 x (Hc-HcEMCS) x WKC

s-4.2 Optimum Start/Stop

APPLICATION NOTES: 7The Optimum Start/Stop savings calculation is
used in place of Scheduled Start/Stop to start and stop equipment on
a slidina schedule. The program incorpcrates thermal inertia of the
building, capacity of the HVAC system, and outsice air conditions.
Use of a computer simulation, which typically includes both Optimum
and Scheduled Start/Stop. is required for accurate determination of
savings therefore calculations are not presented in this manual.




s-4.3 Duty Cycling
’ APPLICATION NOTES:
1. Applies only to constant loads.

2. Does not apply to loads which already cycle under local control.

3. Duty cycling performed during hours of occupancy (assumes no
duty cycling during warmup or cooldown).

4. Do not duty cycle fans which are required for minimum
ventilation, boilers, chillers, or in-line circulating pumps.

CALCULATIONS:
Auxiliary motor savings (kWh/yr) =
HP‘x L x 0.746 x OH x DCST x 52 wk/yr
Electric Unit Heater and Electriec Radiation savings (kWh/yr) =

PWR x OH x DCST x 52 wk/yr

s-4.4 Demand Limiting

‘ APPLICATION NOTES:
1. Assumes that the system can be shed a portion of the time under
peak load conditions. The shed time will vary in different
parts of the country.

2. Do not shut down fans which are required for minimum
ventilation.

CALCULATICNS:
Auxiliary motor savings (kw) =
HP x L x 0.746 x DLST
Electric Unit Heater and Electric Radiation savings (kW) =

PWR x DLST




s-4.5 Day/Night Setback

APPLICATION NOTES:

1. Used in place of Scheduled Start/Stop for systems where the
temperature must be controlled within specified limits.

2. Make sure that the setpoints for all heating systems serving the
zone are controlled.

3. If outside air dampers can be closed during the setback period,
the Ventilation and Recirculation strategy may be applied.

4. For WSPR, use the smaller of WSFR, WSP-LTL, or WSP-AWT. If PRT
is zero, use AWT instead of LTL. For SSPR, use the smaller of
SSPR or AST-SSP. The ESA program will do this automatically.

S. For Hwsp/Hssp use currently scheduled time during which the
system is operated at the WSP/SSP or hours of cccupancy plus
1 hour per day for warmup/cooldown.

CALCULATIONS:

Heating savings (MBtu/yr) =

BIT x Az x WSPR x (168-Hwsp) x WKH
HSE x 10%

Heating savings for Electric Unit Heater and Electric Radiation ‘
(kWh/yr):

W -Hw
HSE x 3413

Cooling savings with electrically driven chiller
(kWh/yr with CPT in kW/ton):

BIT x Az x SSPR x (168-Hssp) X WKC x CPT
12,000

Cooling savings with steam driven chiller
(MBtu/yr with CPT in 1lb/hreton):

12,000 x 10%

s-4.6 Qutside Air Dry Bulb Economizer

APPLICATION NOTES: This savings calculation is applicable to air
systems with outside air and exhaust air dampers. Use of a computer
simulation is required for accurate determination of savings

therefore calculations are not presented in this manual. .
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s-4.7 Ventilation and Recirculation
. APPLICATION NOTES:

1. Used in conjunction with scheduled Start/Stop or Day/Night
Setback to control outside air dampers.

2. Do not shut down fans which are required for minimum
ventilation.

CALCULATIONS:

- 1. The following calculation applies to systems which are shut down
by the Scheduled Start/Stop strategy and is applied to the
warmup period prior to occupancy. Heating savings are a result
of eliminating OA during the warmup period except for the
ventilation purge time when OA must be introduced. No cool-down

! ventilation savings is included in the analysis based on the
assumption that early morning outside air adds a negligible
amount to the cooling load and may actually lessen the load
through an economizer effect.

Heating savings (MBtu/yr) =

WSP- W WU - 6
HSE x 10°

. 2. The following calculations apply to ventilating systems in which
the temperature is set back using the Day/Night Setback
Strategy. These systems may not be shut down but may eliminate
outside air during building unoccupied periods except for the
ventilation purge time when OA must be introduced.

Heating savings (MBtu/yr) =

CFM x POA x 1,08 x (WSP-AWT) x [(168 - OH)-(PT/60 x Dh)] x WKH

HSE x 10°

Cooling savings with electrically driven chiller
(kWh/yr with CPT in kW/ton): ‘

CFM x POA x 4.5 x (OAE-RAE) x [(168 - OH)-(PT/60 x Dc)1 x WKC x CPT
12,000 {

. Cooling rfavings with steam driven chiller
(MBtu/yr with CPT in lb/hr-ton): !

. 4 - 68 - OH)-(PT/60 x x_WK CPT_x 1000
12,000 x 108




s-4+.8 Hot Deck/Cold Deck Temperatur : Reset

APPLICATION NOTES:

1. The average discharge temperature resets (SCDR, SHDR, WHDR) are
system dependent and difficult to estimate. Refer to Appendix A
for reasonable estimates in lieu of actual data.

2. A computer simulation is required for accurately determining the
savings from this strategy when used with economizer control.

CALCULATIONS:
Heating savings (MBtu/yr) =

s;m X Ebﬂ X I.Q§ X th p.4 HEKS} X SHDB[ + ‘g&‘j X EHQBH
HSE x 10°

The following two equations assume that a 1°F change in cold
deck temperature is equivalent to a 0.6 Btu/lb change in
enthalpy.

Cooling savings with electrically driven chiller, no economizer
(kWh/yr with CPT in kwW/ton):

CFM x Pcd x 4.5 x Hhe x WKC x SCDR x 0,6 x CPT
12,000

Cooling savings with steam driven chiller, no economizer
(MBtu/yr with CPT in lb/hr-ton):

CFM x Pcd x 4.5 x Hhc x WKC x SCDR x 0.6 x CPT x 1000
12,000 x 10°

®




s-4.9 Reheat Coil Reset

APPLICATION NOTES8: A computer simulation is required for accurately
determining the savings from Reheat Coil Reset when used with
economizer control.

CALCULATIONS:

Reheat savings (MBtu/yr) =

CMM x 1,08 x Hbh x 52 wk/yr x RHR
HSE » 10¢

The following two equations assume that a 1°F change in cooling
coil temperature is equivalient to a 0.6 Btu/lb change in
enthalpy.

Cooling savings with electrically driven chiller, no economizer
(kWh/yr with CPT in kW/tcn):

Chf x 6,5 x Hh X WKC X RHR x 0.6 x CPT
12,000

Cooling savings with steam driven chiller, no economizer
(MBtu/yr with CPT in lb/hr-<ton):

0 12,000 x 10°

s-4.10 Steam and Hot Water Boiler Selection

0 00,0

APPLICATION NOTES:
CALCULATIONS:
Heating Savings (MBtu/yr) =

HFLH x BCEI x CAP
HSE x 10%




s-4.11 Hot Water Outside Air Reset

APPLICATION NOTE3:
CALCULATIONS :
Heating savings (MBtu/yr) =

HFIH x OAEl x CAP
HSE x 10°

s-14.12 Chiller Selection

APPLICATION NOTES:
1. Applicable only to chilled water plants with multiple chillers.
CALCULATIONS:

Cooling savings with electrically driven chiller, no economizer
(kWh/yr with CPT in kW/ton):

CFLH x TON x CPT x CSEX

Cooling savings with steam driven chiller, no economizer
(MBtu/yr with CPT in lb/hreton):

CFLH x TON x CPT x CSEI x 1000
108

s-4.13 Chiller Water Temperature Reset

APPLICATION NOTES: The amount of reset (CWTR) generally ranges
between 2°'F and 5°F. A conservative estimate of 2°F is recommended
for the calculation.

CALCULATIONS:

Cooling savings with electrically driven chiller, no economizer
(kWh/yr with CPT in kW/ton):

CFLH x TON X CPT X CWIR x REI

Cooling savings with steam driven chiller, nc economizer
(MBtu/yx with CPT in lb/hreton):

CFIH x TON x CPT x CWIR x REI x 1000




s-4.14 Condenser Water Temperature Reset

ARPLICATION NOTES8: Do not reduce condenser temperature below
manufacturer’s recommended low temperature limit.

CALCULATIONS8: The cazlculation procedure requires four steps:

2. Calculate the average reduction in condenser water temperature
which is achievable:

RCWT = PCWT - ACWT

2. Use Figure 5-2 to determine the percent efficiency increase
(PEI) of the chiller based on RCWT from above.

3. Determine the adjusted efficiency increase (AEI) of the chiller:
a. If fan runs continuocusly, but wilil be cycled,

AEI - PEI + 5.0
100

b. If fan cy:les,

AEI - PET - 2.8

‘ 4. JCalculate the cooling savings:

Cooling savings with electrically driven chiller, no economizer
(kWh/yr with CPT in kW/ton):

CFLH x TON X CPT X AEI

Cooling savings with steam driven chiller, no economizer
{MBtu/yr with CPT in 1lk/hr-ton):

CFLH x TOM x €PT X AEI x 1000
109




REDUCTION IN CONDENSER WATER TEMPERATURE , °F (RCWT)

Figure 5-2. Chiller RCWT ws PEI
5-12

50
(SCREW COMPRESSOR ) ‘*
__.74
4/
1/ 40
. -
/
/

4 3

A (@]

b / o g

( RECIPROCAL ) m

il

// 30 3

m

<

/ 2

/ -

// A 9

A P %

o

Va ]
ANED 1 i@

// ' ABSORPTION ) g

P P =

g o i

/| ” 1
//
D4 A~ > = (" GENTRIFUGAL 1 10
A
// L1 B 1]

;/ / / "1 — |
-~ I |
VP — |
0 1
5 10 15 20 ‘




s-4.15 Chiller Demand Limit

' AXPLICATION NOTES:

1. Applicable to centrifugal chillers that are equipped with an
adjustable control system for limitirg the available cooling
capacity. '

CALCULATIONS:
Savings (kW) = CHP x CME x 0.74¢ x SDC x SDT

s-4.16 Lighting Control

APPLICATION NOTES:
1. Applicable toc relay operated zoned lighting.
2. Assumes one lighting 2zone..

CALCULAT1IONS:
savings (kWh/yr) = TC_ x (H -HEMCS) x 52 wk/yr

5-4.17 Run Time Recording

. APPLICATION NOTES: This savings is based on the assumption that the

EMCS is able to save one 2 hour man-visit per year to the system
being monitored. This may or may not represent a savings over
present facility maintenance procedures.

Labor savings = 2 man-hours/yr

5-4.18  Safety Alarm

APPLICATION NOTES8: This savings is based on the assumption that the
ENCS is able to save one 2 hour man-visit per year to check alarms
and diacnose problems. This may or may not represent a savings over
poesent Zacility maintenance procedures.

Labor savings = 2 man-hours/yr




kWhéXr

kW

Ref Stratqu MBtu/yr Mh/yr
5-4.1 Scheduled Start/Stop
5-4.2 OEpimum Start/ctop
5-4.3 puty Cycling
5-4.4 Denand Limiting
5-4.5 Day/Night Setback

| 5-4.6 OA Dry Bulb Economizer
5-4.7 Ventilation and
Recirculation
£E-4.8 Hot Deck/Cold Deck
Temperature Reset
5-4.9 Reheat Coil Reset
5-4.10 Boiler Selection
5-4.11 Hot Water Outside
Air Feset
5-4,22 Chiller Selection
5-4.13 Chiller Water
Temperature Reset
5=4.14 Condenser Water
Temperature Reset
5-4.15 Chiller Demand Limit
5-4.16 Lighting Control
5-4.17 Run Time Recording
5=~4.18 Safety Alarm
MBtu Sub Total
Fuel + HV
Type (See Appendix A)
Ncotes -
TOTALS

Mh/yr

Figure 5-3. System Savings Summary
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Section VI. EXAMPLE SAVINGS CALCULATIONS

v=1 INTRODUCTION and DAT:. :OfMS. This section demonstrates several
enaergy savings calculations for hypothetical Headquarters building
607 which is located on Fort Example, Springfield, Missouri.
Building 607 is serviced by the following HVAC and lighting systems:

i.
2.
3.
4.
5.
6.

AHU 1
AHU 2

BEEE

NN

Multi-zone AHU
Single Zone AHU

Hot Water Boiler
Water Cooled Chiller
Lighting Circuit
Lighting Circuit

The savings calculation procedure consists of:

k]

Completing a physical survey of the building.

Determining the climate and building factors using the
procedures outlinred in Section IV.

Determining which EMCS savings calculations to apply considering
the systems and opetrating conditions (refer to Figure 5-1).

Using thLe survey data and factors to calculate EMCS savings.

Input data is included for all systems. Calculations and summary
sheets are provided for AHU 1 as an example «* methodology. A
detailed printout from the ESA program is en- .sed which shows the
input and output data for AHU 1 and the remaining systems.
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NOTE - UNITS OF MEASURE: Area = fi*, Tomperature = °F

See Appendix A for explanation of terms.

Group Desc ioé_ £ Division

Location __Mess ok Tames Lake = Fort Eemmelc

Buildings in Group /4

IR

Sketch project layout - locations, distances beiween buildings, important features, etc.

Hospita/
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Ha
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Caferterra
Barrcens / &mdc; 8
\
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roup 3 ANorth BULDING (oD 7
. BUILDING DATA (1,3)
Building Hours of Operation:  0100-0800 C0900-1600)  1700-2400 Other
Heating Fuel Type: ”c.-lun./( GosS
Sketch Building - Locate Zones, Windows, Doors, etc.
‘ o
—T ¥
N 30
Lo eS
rw 7" cw —*
8000 sf |
X Tecsoanel ' ' Admin Y
, 10,000 $§ | ’ 10,000 >¥
100 |ew - — — — — Y oo
l | Kecord s _]
Q I 5,000 af |
= v V-
too’ —"“—_— 100’ ﬁl‘f 100 >|1
{ i
Dwrbt Meiw 8 x? R+y | 5;()[;4?[»07, 7/:!)
/ ! ”
Persomnel 4" c Biy 5 solid wood, 24 t
W:'nlouﬁ'- 3lX 5' Qf'y 42 Alunn inwan /w-m¢, /Iln-pfenc'aj

Af = 33,000 »f
One  story
Mo base ment
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GROUP 3 Aort# puoine (2O
BULDRING DATA (2/3)
| wALLS, EXTERIOR ?
COMPONENTS R-VALUES SKETCH CROSS SECTION i
v Outside AirFilm | _ 0. /7
| \_ 4 _commn_briek .92
2/ "ctllular glass 2 .80 5 3 2. 1
3. 2" grelide Llled
4, Lencref Slock 2./0
5-_%1_;.&&@_@4:/ 0.45
n Inside Outside
7.
inside Air Film Q b&
TOTAL R VALUE 7./8 |
1R = <Upy> = | _0./343 |

Qutsids AiIr Fiim

1. 57 slake
| 2_mosped felt

| & _steel ek
5.i~a%,-h¢. t/e
| 6.
7.

Inside Air Film
TOTAL R VALUE

1R = <Up> =

e
T T T T T T e -

No. of Floors (sbove ground) -
Avg. Floor to Floor Height /3
No. of Basement |_eveis 2
Gross Floor Area <Af> 537200
Roof Area <A > 332 0cO

I Estimated total bidg. air infiltration (ctm) <1> L 2O __
-

Outside
e
3
et
L s

Tnside

Calculated Total Areas (above ground):

/// /50 ﬁf

Walls, gross
Windows <Ag.> — 230 €
Doors <Bg o> .—/_ZLIJQ_@_*_/_Z;O)_ \
Other f
Walls, net <Anyy pe> —L0 37F 3

"
f
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GROUP 3 Aorth BULDING &0 7

. BUILDING DATA (3/3)

 WINDOW TYPE L7k, A/ foame Stngc | RVALVE 7. 75 . . 0574
WINDOV/ TYPE R-VALUE U >
WINDOW TYPE _ R-VALUE <Uppers>
| 00OR TYPE gk ine ahery Jeeingins 2| AvaLUE _:L8 <Uy> — O %020
; ! DOOR TYPE e, Jolial RVALUE _4.55 We» . 0:2/98
(\[ ' DOOR TYPE R-VALUE <Ue>
|
| OTHER R-VALUE <> !
¥ OTHER R-VALUE <Up>
| OTHER R-VALUE <Ug.> %.
———— ]

MX*U“XA“,+UMXA,U
(0.1393 y 10,374) + (0.57:4 x 630) + (04030 5¢) + (0-U7Bx (20)

+ (0.1225 x 33,009 = 5899, 9

‘ : Remaris - Note air leaks, structural damage, broken /defective windows, fit of windows and doors, vents that reman
open, etc. :
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BUILDING

€07

Floor Area —
Occupied Summer Setpoint <SSP> _L -
Occupied Winter Setpoint <WSP> ié
Days/Week Heating Equipment Operation <Dh> _33__
Dlyt/Wook COOIing Equipmem Operation <Dc> 5

SPECIAL REQUIREMENTS

REMARKS

S

LONZ DAT2.

Location  Abrtb Center
Function — & 40415 Jres
Floor Area ? 000
QOccupied Summer Setpoint <SSP>
Occupied Winter Setpoint <WSP>

73
LB

' Days/Week Heating Equipnient Operation <Dh> .@.
Dlys/Wook Cooling Equipment Op«ahon <De> & _

SPEC!AL REQUIREMENTS

REMARKS

Can ventilation be shut down for duty cycling? (Y/N) __ ) For what % time? <DCST>
Can ventilation be shut down for demand limiting? (Y/N) __ Y’ Forwhat % tme? <DLST> _25
Can ventilation be shut down during unoccupied hours? (Y/N)

i yes, what is the required OA purge time before occupancy? <PT>

ZONEID — 2 Systoma Serving Zone AWAL, HW[ _CHL , LT/

Can ventilation be shut down for duty cycling? (V/N) _ Y For what % time? <DCST»>
Can ventilation be shut down for demand limiting? (Y/N) z For what % time? <DLST>
Can ventilation ba shut down during unoccupied hours? (Y/N)

It yos, what is the required OA rurge time before occupancy? <PT>

s sefvi Zone AU W/ CHE LT, :
Nominal hours/week occupied <OH> __1:2-_._ ﬁ

Warmup time before occupancy (hr) <WU> _Z
55

Low Temperature Limit <LTL>

Summer Setpoint Reset <SSPR> Q
(SSPR s AST-SSP)

Winter Setpoint Reset <WSPR>
(WSPR < WSP-AWT, s WSP-LTL)

25

/5- M

Nominal hours/week occupied <OH> € 2
Warmup time before occupancy (h}) <WU> _.2_.._._
Low Temperature Limit <LTL> 55
Summer Setpoint Reset <SSPR> &

(SSPR s AST-SSP) o
Winter Setpoint Reset <WSPR> 8

(WSPR s WSP-AWT, s WSP-LTL)

/5 min




GROUP 3 Al /4 BUILDING 12y

® oo

ZONE 1D ) Systems Serving Zone AHU 2, L/ CHE (T2
| Location —_2uh el v Nominal hours/week occupied <OH> — 30

Function _MZA’J — Warmup time before occupancy (hr) <WU> /
Floor Area — 35, 202 Low Temperature Limit <LTL> 55

| Occupied Summer Setpoint <SSP> 20 Summer Setpoint Reset <SSPR> ____ &
Occupisd Winter Setpoint <WSP> (SSPR s AST-SSP)

Days/Week Heating Equipment Operation <Dh> J__ | winter Setpoint Reset <WSPR> L0
Days/Week Cooting Equipment Operation <De> — (WSPR s WSP-AWT, s WSP-LTL)

SPECIAL REQUIREMENTS
Can ventilation be shut down for duty cycling? (Y/N) __ Y For what % time? <DCST> 25
Can ventilation be shut down for demand limiting? (Y/N) __ Y For what % time? <DLST>___ 25
Can ventilation be shut down during unoccupied hours? (Y/N) — 2"
if yos, what is the required OA purge time before occupancy? <PT> L5 _prn
REMARKS

o ZONE DATA
ZONE ID 4 Systems Serving Zone A& [ W/, 7/
Location —£ds/ Winy Nominal hours/weok nccupied <OH> — £S5 |
Function emeld/mon (3 ration Warmup time before occupancy (hr) <WU> &
Fioor Area .74, 000 Low Temperature Limit <LTL> 55
Occupied Summer Setpoint <SSP> 2.5 Summer Setpoint R set <SSPR> &
Occupied Winter Setpoint <WSP> ____&8_ (SSPR s AST-SSF)
Days/Week Heating Equipment Operation <Dh> —2 _ | Winter Setpoint Roset <WSPR> ___ O
Cays/Week Cooling Equipment Operation <Dc> - (WSPR s WSP-AWT, s WSP-LTL)

——— =

SPECIAL REQUIREMENTS

Can ventilation be shut down for duty cydling? (Y/N) Y/ For what % time? <DCST> 25
Can ventilation be shut down for demand limiing? (Y/N) )/ For what % time? <DLST> __ 2.5
Can vertilation ba shut down during unoccupied hours? (Y/N)

If yes, what is the required OA purge time before cocupancy? <PT> 72 rtv/n
REMARKS
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GROWP 3 Aorth BUWDING (O SYSTEM Ak /

Applicable Systems .
A. Single Zone AHU (D Muti-zone AHY G. Two Pipe Fan Coil Unit
B. Terminal Rehaat AHU E. Single Zone DX-A/C H. Four Pipe Fan Coil Unit
C. Variable Volume AHU F. Mutt-zone DX-A/C
System Desc Qrre., A cka £ Zones Served /=2-4 _|
Location —_ VX topf Total Area Served <Az> 8,292 |
System Efficiency <HSE> Z17 38 Unit Supplying Heating Energy L/ ]
Reheat Coil Reset <AHR> e Heating Energy Fuel Source —_Va/_Gas |
Present percent of OA used (decimal) <POA> _&:Z  Unit Supplying Cooling Energy -S4/ 2%
Energy Used,/Ton Refrigeration <CPT> 25 Cooling Energy Fuel Sourca . £Z0EC . :
oo P ——————— . o — — e e — [ ———— — e ——— l

e e e S e ——— e e

PROPOSED OPERATING SCHEDULE
/

Hours/Week Heating System <Hh> Hours/Weak Heating System <HhEMCS> o2

Hours/Week at WSP <Hwsp> 7o Hours/Week Cooling System <HCEMCS> & 3

Hours/Week Cooling System <Hc> Lo Can system be shut down when

CURRENT OPERATING SCHEDULE

Eunction
Suprly Air 399

Return Air

MULTI-ZONE DATA
Percent of air passing through Hot Deck <Phd> .2©  Summer Hot Deck Reset <SHDR> 4
| Percent ~ air passing through Co'd Deck <Ped> 2O Winter Hot Deck Reset <'WHDR> 9
Operating Hours/Week Dual Deck <Hhe> — €€ Summer Cold Dack Resm <SCDR> 4
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GROUP 3  Abrth

BUILDING eo7

System AHU 2

Appiicable Systemns

@Singlo Zone AHU
B. Terminal Reheat AHU
C. Variable Volume AHU

D. Multi-zone AHU
E. Single Z-~e DX-A/C
F. Multi-zorre . X-A/C

G. Two Pipe Fan Coil Unit
H. Four Pipe Fan Coil Unit

- Eo- - ]
System Desc __owdldn (Com ponen f Zones Served 3
Location —sBith _roo £ Toral Area Served <Az> 5,000
System Efficiency <HSE> _Q' /0 Unit Suppiying Heating Energy Hw/(
Reheat Coil Reset <RHR> i Heating Energy Fuel Sourcs — A4/ Ga ¢
Present percent of OA used (decimal) <POA> Z+/__  Unit Supplying Cooling Energy €472 ,
En«gy Usod/Ton Re!ngemtton <CPT> ___S_'___ Cooling Energy Fuel Source __&7e¢. i
L e
CURRENT OPERATING SCHEDULE PROPOSED OPERATING SCHEDULE |
Hours/Week Heating System <Hh> 7o Hours/Wesk Heating System <HhEMCS> __ 3% |
Hours/Weel: at WSP <Hwso> b 4/ Hours/Week Cooling System <HcEMCS> _2.7:_
Hours /Vieek Cooling System <Hc> 22 Can system be shut down when
Houn/Wook at SSP <Hasp> 20 zom(s) unowuplod? (Y/N} _Z___

T T ST UL T

FAN DATA

Eynction <CFM>
Supply Air 200
Return Air __ 200

MULTI-ZONE DATA

Percent of air paasing throuph Hot Deck <Phd> ..
Percent of air passing through Cold Deck <Ped>
Opeiating Hours/Wook Dual Deck <Hhc>

i <SSP>

——  Summer Hot Deck Reset <SHDR>
Winter Hot Deck Reset <WHDR .-
Surmer Coid Deck | eset <SCDR>

I <WSPR>

| <SS3PR>

§ <DLST>




GROUP 3 ADrt4 Bulong 607 sYstTEM AW/

Applicable Systems

R. Steam Boller (5. Hot Watar Boller

System Desc e Gee. K _arit Zones Served [~Z2-3-4

Location MM_ Heating Energy Fuel Type A/Q/ Grs
Efficiency Increase Max Total Capacity (Btu/hi) <CAP> 4300 __ |
when Changing Boilers <BCEl> / Heating system Efficiency Increase <OAE!> CE

System: Availability (daye/ysar) / & Systsm Efficiency <HSE> o.C

. S e T e e
~ B i P . T T T T s

REMARKS
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GROLIP 3 AN rihs BUILDING O 7 SYSTEM CH 2
Applicable Systems

W. Water Cooled DX Compressor Y. Air Cooled Chiller

X. Air Cooled DX Compreasor Z. Water Cooled Chiller
| System Desc Ol teterson etai Zones Served /=2 -3 ~<L
‘ mMZﬁM Energy Used/Ton Refrigeration <CPT> /-9
| Chitler Type: ({i] Gantrifugal  (2) Absorption Chiller Capacity (tons) <TON> LS5
‘ (3) Reciprocal (4) Screw Comp Present Condenser Water Temperature < PCWT> ._JZ

[#o,

Contdiugll Chiller Motor HP <CHP>

| Centrifugal Chiller Motor Efficiency <CME> __.E’.i_ Chiller water temperature reset <CWTR>

L8O

| System Availability (days/year)

| Efﬁdency increase when changing chillers <CSEl>

Is the condanser fan continuous or a/clmg'l__‘??_”i._
A—

/

| Can the centrifugal chiller be shut down for demand limiting? (Y/N)
{ Can the centrifugal chiller capacity be stepped down for demand limiting? (Y/N) __ )/ By what %? <SDC> £2

e e

| CURRENT OPERATING SCHEDULE
; Houn/Wook Cooling System <Hc>

A Zz

For what % time? <SDT>

PROPOSED OPERATING SCHEDULE
Hours /Week Cooling System <HcEMCS>

| PUMP DATA
Eunction <HP> } Eunction <HP>
_C’Qﬂé_a_zr / i
' |
q
|
{
|
_— l
I
|
N R,
REMARKS
-
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arour 3 Morh BUILDING le0 7 systeM LT |

Applicable Systams

(A Lighting Control

Zones Served | =2~ 4 1
Total Wattage <TC,> 2 &, 000 J

CURRENT 0OPERATING SCHE ILE
Hours /Week Lighting System <H, >

. - T I T LTI R T

REMARKS
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ehowr 3 Morfl, BULDING (0077 SYSTEM LT 2

Applicable Systems

Zones Served -3
Total Wattage <TC, > .2, 200

: PROPOSED OPERATING SCHEDULE
| Hours/Week Lighting System <H, > Hours/Week Lighting System <H, EMCS S A
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grouP 3 NMorth

RUILDING (e07

Page

Factor Summary q

Ref Factor Calculated Value
4-4.1 acwt = 75.6 °F
4-4.2 ANDW = 204 days/year
4-4.3 AST = 76.9 °F
4-4.4 AWT = 43.5 *F
4-4.5 CFLM = 700 ‘ hrs/year
4-4.6 HFLH = 525 hrs/year ‘
4-4.7 WKH = 3' 7 weeks/year
4-4.7 WKC - Ib-' weeks/year
4-4.8 OAE - 314 Btu/1b
4-4.9 PRT - 14.7 % |
UoAo ~ 5849%.9 Btu/hre-°F
4-4.10 1 = 750 cfm
Af = 39’ 000 ft:?
BTT - ¢), 202 Btu/hr«fti«°F
of 6-14




6-2 CALCULATIONS.

' 6-2.1 Climate Factors. See example calculations in Section 1IV.
’ Ragults are summarized on page 6-14.

6~-2.2 Bulldina Factors.

From page 6-3, Heating Fuel Type is Natural Gas

From calculation on page 6-5, UoAo = 5899.9 Btu/(hre°F)
From page 6-4, I = 750 cim, Af = 33,000 ft?

From page 4-16,

BTT ~ 5899.9 + (750 X 1.08) = 0.2033303 Btu/(hreft?-°F)
33,000

6-2.3 System 1, AHU 1, Multi-zone AHU.
Data from page 6-8, Climate Factors, and Building Factors.

ANDW=264 AST=76.9 AWT=43.5 Az=28,000 BTT=0.203
CFM=300 CPT=1.5 Hc=80 HoEMCS=63 Hh=80
Hhc=80 HhEMCS=~63 HP=8 LTL=55 OAE=32.14
Pcd=0.5 Phd=0.5 POA=0.2 ' PRT=14.7 PT=15
SCDR=4 SHDR=4 S8P=75 WHDR=4 WKC=15.1
WKH=31.7 WSP=68 "WU=2

' System may be shut down when building unoccupied.
Using defaults RAE=29.91 and L=0.80

8cheduled Start/stop Strategy
1. Heat loss/gain through the structure

Heating savings (MBtu/yr):

WSP- ) .
HSE x 10°

0,203 x 28,000 x (68 - 55) x (80 - 63) x 31.7 ~ 66.37
0.6 x 10

Cooling savings with electrically driven chiller
v (kWh/yr with CPT in kW/ton):

- - WKC
. 12,000

0.203 x 28,000 x (76,9 - 75) X (80 - 63) x 15.1 % 1.5 = 346.5




2. Heat loss/gain througk ventilation air
Haatiné savings (MBtu/yr):

CEM x POA X 1.06 x (WSP-AWD) x (Hh-HhEMCS) x WKH
HSE x 10¢

iﬂLsJLlJLJ_MLI_GE_%fz - =63} x 31,7 = 1.43
. .0 X

Cocling savings with electrically driven chiller
(kWh/yr with CPT in kW/ton):

CPM . x POA X 4.5 X (OAE-RAE) X (Jic-HeEMCS) x WKC x CFT

12,000
300 x 0.2 x 6,3 x (32,26 - 29,91 x (80 - 63) X i5.1 x1.5 = 19.3
12,000

3. Auxiliary equipment operation
Heating auxiliary savings (kWh/yr):
HP » L x 0.746_x (Hh-HhEMCS) x WKH x (1-PRT)
8 x 0.8 x0.746 x (80 - 63) x 31.7 x (1 - .147) = 21%4.7
Cooling auxiliary savings (kWh/yr):
HP x L x 0.746 x (Hc-HcEMCS) x WKC
8 x 0.8 x 0.746 x (80 - 83) x 15.1 = 1225.6
Total savings for Scheduled Start/Stop:
MBtu/yr = 66.37 + 1.43 + = 67.80
kWh/yr = 346.5 + 19.3 + 2194.7 + 1225.6 = 3786.1

Note: These numbers will differ slightly from the ESA progranm
ocutput due to rounding.

6~16
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Ventilation and Recirculation

. Heating savings (MBtu/yr) =

CFM x £0A X 1.08 x (WOP-AWD) x ANDW X [WU-(RT/60)1

HSE x 10%

§9QJL&‘ZJLJ“Q!JLiﬁﬁ_;iﬁ*iLJ.%?&JLlZ;;ilidﬂDl - 1.222

0.6 x 10

Hot Deck/Cold Deck Temperaturs KReset

Heating savings (MBtu/yr) =
QﬂL;JhiJLlJELnJm&JLLﬂﬂEé}Jﬂm&L:;ﬂmﬁJLﬂﬂmni
HSE x 1

399_x_Q*2_x_1*Qﬁ.z;ﬁﬂ_x,liliJl_xzé)_i_illilmx_éll - 4,044
Nn.6 x 10

The following equation assumes that a 1°'F change in cold deck
temperature is equivalent to a C.6 Btu/lb change in enthalpy.

Couling savings with slectrically driven chiller, no economizer
{kWh/yr with CPT in kw/ton):

CPM x Ped x &.5 x Hhe x WRG X SCDR % 0.6 x GPT

12,000
3005 0.5X6,5 %80 X151 %4 &0.6x1.5 =245
12,000

Refer to the ESA program detailed output for savings results from
additional svstens.
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QGROUP 3 Aorih BULDING &0 SYSTEM  AHU [
System Savings Summary
Savings
Ref stratggy MBtu/yr kWwh/yr kW Mh/yx

Yied .1 Sclieduled Start/Stop
S5=4.2 Optimum Start/Stop
5-4.3 Duty Cyeling
5-4.4 Dewand Limiting
54,5 Day/Night Setback
5-4.6 0z NDry Bulb Economizer
5-4.7 Ventilation and /.22

Recirculation
°™4+® | Temperature Reset. q.044
5-4.9 Reheat Coil Reset.
5-4.10 Boliler Selection
5-4.11 Hot Water Outside
A Air Reset
5-4.12l Chiller Selection
5-4.13 Chillsr Water

Tempersture Reset
5-4.14 Condenser Viater

Temperature Reselt
5-4.1% Chiller Demand Limit
5-4.16 Lighting Control
5~4,17 Pun Time Recording
5-4.18 Safety Alarm

MBtu Sub Total | 22.06#
'?;;i Nt Gas {See ‘%x a) v ,'{0:25
Notes -
rotaLs | 7448% il
ct/yr kWh/yr xW_ | Mh/yr

612




EMCS Anrual Energy Savings Detailed Report
N 7 [ [ .- .g 7~ N
Buse: 23-NORTH
Building: 607
Case: 1
Daeecription: Section 6 Example Calculation

N RS S P s =Sl S NS 7 ST TR

Fuel Type: Natural gas (methane)
Heating Value: i,025 Bty/cf

. Caution

P_m-: NV N A RN S A I N SRR T

R SRR I 3 WS IR I R e SRR Ry

The ESA program makes no attempt to exclude incompatlhle strategies.
It is the usar'n responsibility to select all appropriate strategles.

NN SvA I IS (U SN SR O I LN 2 WP N,

Pu—n—x\v_—__—_-“m“r

7he scheduled start/stop and day/night setback strategies are affeuted
by the following data wvajiues:

If PRT iz zero, then AW will be used in place of LTL.

It AWT > LTL, then AWT will be used in plzace of LTL.

If WEPR > WSP-LTL, then VSP-LTL will be u=ssed in place of WSFR.

If SSPR > AST-SSP, then AST~SSF will be used in piace of SSFR.

T S AT S A T = R S R W T A L N S A A T 2 S S

Building Data Table

= ]
Variable Description Symbol Value Units
i 2N A A N Y s N A N A I LN
Mod Comb Thermal Transmittance UoAo 5,899.9 Btu/hr*¥#
Total Air Infiltration I 750 crm
Gross Floor Area AL 33,000 sg ¢
Building Thermal Transmission BTY 0.203 Btu/hr‘ sq fC*F
AN, SRS TR SR CENEE TR T Y LR ATy A
Climate Data Table for MO, Springfield MAP (9~16)
SRR ST R T YR T S
Variable Description Symbol Value Units h
h Ry R e A R S S T e e A Rk
Avg Entering Condenser Water Temperaturea ACWT 75.6 degrees F P
Annual Number of Days for Morning Warmup ANDW 264 days/year
Average Suumer Tempaerature AST 76.9 degrees F
Averags Winter Tewmperature AWT 43.5 degrees F
Cooling Full-Load Hours CFLH 760 hours/year
Heating Full-Load Hours HFLH 525 hours/year
Weeks of Cooling WKC 15.1 weeks/year
Weeks of Heating WKH 31.7 weeks/year
Average Ouiside Air Enthalpy CAE 32.14 Btu/1b
Fercent Run Time PRT 14.7 percent
R R SRR ST RS IRy S RS S N T A S R

_=z~======—_—.=======




Input Data Tabla for Single 2one AHU

System Desicription: AHU 2 - Bowden component unit on 8 roof

AR R S A N SR I S S AN N NS A N YIS DR M ST A, SR S A

Variable Description Symbol Value Units
N YA VR VRS N A D SN 3 - AT NPT S SR I RN A S W AL A SR R N
Area of zone A2 5,000 sq £t
%Winter thermostat setpoint, occupied vspP €8.0 degreas F
Lov temperatuire linit LTL £5.0 degrees F
Heating coperation without E¥CS Hh 80 hours/weak
Heating operation with EMCS  HhEKMCS 35 hourz/week
Heating system efficiency HSE 0.70 decimal
Sumner thermostat setpoint, occupied Ssp T0.0 degrees F
Return air enthalpy whei unoccupied RAR 29.91 Btu/lb
Conling operation withocut EMCS He 80 hours/week
Cooling operation with EMCS  HCEMCS 35 hours/waaek
Cooling energy consumption pexr ton cpT 1.5 kW/tcn
Supply air capacity CFM 200 34
Present fraction of outside air used POA 0.30 decimal
Equipment motor horsepower HP §.00 hp
Fquipment motor load factor L 0.80 decinal
Zone coccupied hours OH 30 hours/week
Puty cycling shutdown time DCST 25.0 percent
Demand limiting shed time DLST 25.0 percent
Wintar thermostat setpoint reset WSPER 10.0 . degrezs F
Winter setpoint eguipment operation Hwsp 80 houvrs/week
Summer thermostat setpoint reset SSPR 0.0 degrees F
Summer setpoint equipmant operation Hssp 80 hours/week
Shutdown system wher bldig unoccupied? Y Y or N
Present warmup time before occupancy WU 1.0 hours/day
Heating equipment operating schedule Dh -1 days/week ﬂ
Cooling exquipment cperating schadule Dc 5 days/week
Purge time before occupancy Py 15.9 minutes
Optimum start/stop heating savings 0.0 MBtu
Optimum start/stop htg-vent savings 0.0 MsStu
optimum start/stop htg aux savings 0.0 kwWh
Optimum start/stop cooling savings G.0 kWh
Optimum start/stop clg-vent savings 0.0 xWh
Optimum start/stop clg aux savings 0.0 kwh
Economizer cooling savings 0.0 kWh
Scheduled start/stop labor savings 0 mh
Optimum start/stop labor savings 0 xh
Duty cycling labor savings 0 nh
Demand ilimiting labor savings (] mh
Pay/niight setback labor savings 0 mh
Bconomizer labcer savings c mh
vVent/recirc labor savings 0 mh
iun time recording labor savings 2 mh
Safety alarm labor savings 2 mh

h—gw\u'l_ ==\

I A . O A T i WL TR

mw.ﬁ-mmw—u_q
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Annual Ernercy 3avings Table for 3ingle Zone ANU

AR NP W AL R AT A RS SR SR S
' Das cription- AHU 2 = Bowden componant unit on S8 rcof !
J -~ ] S Y L2 J
MBtu/yr XWh/yrx kW mh/yr [,
Yy N 73 - €. ./ . - ;. & . s 1L AN SRR A R
Scheduled Start/Stop 28.012 7,403 0.C 0
~ Duty Cycling €.000 1,297 0.0 0
Dsmand Limiting 0.000 o 0.9 0
Subtotals 28.012 . 2,800 6.9 0
* Heating Value + 1,025 Btu/ci _
[P amya A2 N S AT TS R T R SRR T I LICT I 2 SR A e o e W e
Totals 27,328 8,800 0.9 0
' ct/yx xwh/yr kW nmh/vr
hmmn_—mmm E N SR

Input hata Table for Multi-zone AHU

N s e e W Na—y

sSystem Uescription. AHU 1 - Carrier pa ‘kage unit on NW roof

m—;—-_m XIS
Variable Description Synbel Value Units
_—w‘ L  ICA TR B
Area of zone Az 28,000 sq ft
Winter tharmostat setpoint, occupied WSP 68.0 degrees F
Low temperature limit LTL 5%.0 degrees F
Heating operation without EMCS Eh 80 hours/week
Heeting operation with EMCS HhEMCS 63 hours/week
Heating system efficiency HSE .80 decimal
Summer hermostat setpoint, occupied ssp 73.0 degrees F
Return air enthalpy when unsccupied RAE 29.91 Btu/1lb
Cooling operation withou: EMCS Rz 80 hours/week
Cooling operation witi: EMCS HcEMCS 63 hours/week
Cooling energy consumpticr: per ton CcPT 1.5 kW/ton
Supply air capacity CFM 300 . cfm
Present fraction of outside air used POA 0.20 decimal
Equipment motor horsepower HP 8.00 hp
Eguipment motor load factor L 0.80 decimal
Zone occupied hours oH 45 hours/week
Duty cycling shutdown time DCST 5.0 percent
Demand limiting shed time DLST 25.0 percent
Winter thermostat setpolint reset WSPR 0.0 degrees F
Winter setpoint equipment operation Hwsp e hours/week
Summer thermostat setpoint reseat SSPR 6.0 degrees F
Sammer setpoint eguipment operatien Hasp 80 hours/week
Shutdown system when bldg unoccupied? Y ¥ or N
Present warmup time befocre occupancy 1119) 2.0 hours/day
Heating equipment operating schedule bh € days,/week
Cooling equipment opei-ating schedule Dc 6 days,/week
Purge time before occupancy PT 15.0 minutes
Fraction of total air thru hot deck Phd 0.50 d=cimal
Hot/cold deck emquipment operation Ehe 80 nours/week
Summer hot deck reset SHDR 4.0 degrees F
Winter hot. deck reset WHDR 4.0 degrees F
Fraction of total a2ir thru cold deck Pcd 0.5C decimal
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Annual Energy Savings Table for Multi-zone AHU

Summer cold deck raset SCDR 4.0 degrees F |
Optimum start/stop heating savings 0.0 MBtu
Optimum stairt/stop htg-vant savings 0.0 MBtwu:
Optimum start/stop htg aux savings 0.0 kWh |
Optinum start/stop cooling savings 0.0 kwh !
Optimum start/stop clg-vant savings 6.0 kWh ';
Optimum start/stop clg aux savings 0.0 kwh {
Economizer cooling savings 0.0 kwh ‘
Schaduled start/stop labor savings 4] mh
Optimun start/stop lahor savings (o] nh
Duty cycling labor savings o =h
Demand liwiting labor savings 0 mh
Day/night sethack labor savings 0 mh ‘
Econorizer labor savings 0 mh
Vent/recirc labor savings 0 mh
Hot deck/cold deck labor savings 0 mh '
Run time recording labor savings 2 mh
Safety alarm labor savings 2 mh |
U ™ S . P 3 S A £ CENE S SR

Strateqgy
A A -
Scheduled Start/sStop 67.901 3,787 0.0 0
Vent./Recirculation 1.222 0 0.0 0
Hot/Cold Deck Reset ' 4.044 245 0.0 0
Subtotals 73.167 4,031 0.0
Heating Value + 1,025 Btu/ct
. A A —
Totals 71,383 4,031 0.0 0
ct/yr kWwh/yr . kW mh/yr

Input Data Table fao» Hot Water Boiler

P . 2 2. 4 S s

System Description' MW 1 ~ McGee 1K unit/bldg 300
T S R A | NCNCESIRI §
Variable Description Symbol Value Units
Heating system efficiency HSE 0.60 decimal
Total input rating of boilers CAP 12,500 Btu/hr
Boiler conversion efliciency increase BCEI 1.0 percint
Heating system efficiency increase OAEI 3.0 percent
HW boiler selection labor savings 0 mh
HW outside air renset labor savings 0 mh
Run time recording labor savings 2 nh
Safety alarm labor savings 2 nh
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Annual Energy Savings Table for Hot Water Boiler

W-F—_—m—-
Description: HW 1 - McGee 1K unit/bidg 300 '
, A N

trateqy MBtu/vyr kWh/yr: XW mh/yr
= a- - -5 e
HW Boile) Selection 2.109 0 0.0 o
Hot Water OA Reseat £.328 0 0.0 0
Kun Time Recording 0.9000 0 c.9 2
Safety Alarm 0.000 0 0.0 2
. Subtotals 0.438 0 0.0 4
Heating Value + 1,025 Btu/ct
{ . T e | NN I
Totals 427 0 0.0 4
cf/yr kWh/yrx kW uh/yr
_—_:_m ﬁ.:__-t'_s:_n_u*;

Input Data Table for Watar Cooled Chiller
[ - T TN

ST A LN S ST,

System Description: CH 2 -~ O0ld Peterson unit/ E end of bldg 607
N N P DS ¢ . .- _J - " -
variable lescription Symbol Value Units
M 4—H
cooling energy consuwaption per ton CcPT 1.7 kW/ton
Total capacity of chillers TON 45 tons
Chiller selection efficiency increase CSEX 1.0 percent
Chiller weter temperature reset CWTR 2.0 degrees F
Chiller type 1l choice list
Present condenser water temperature PCWT 83.0 degrees F
Present fan operation o] choice list
Centrifugal chiller motcr horsepower CHP 60.00 hp
Centrifugal chiller motor efficiency CME 0.85 decimal
Step down percent of capacity SDC 20.0 percent
Step down percent of tine SDT 25.0 percent
Chiller selection labor savings 0 mh
Chiller water reszet labor savings o mh
Condenser water reset labor savings 0 mh
Chiller demand limit labor savings 0 mh
Run time recording labor savings 2 mh
Safety alarm labor savings 2 mh
LN Wt W R BRI . i R z -




Annual Energy Savings Table for Water Cooled Chiller

Description: CH 2 - 0ld Peterson unit/ E end of bldg 607

{
1

Stratagy MBtu/yr XWh/yr AW mh/y'
H—m—-—_—nm—-mu-—
Chiller Selection 0.900 531 0.0 0
Chiller Water Reset 0.000 1,977 0.0 (o]
Condenser Water Reset 0.000 5,134 0.¢ 0
Criller Demand Limit 0.000 0 1.9 (o]
Run Time Recording 0.000 0 0.0 2
_ F
Totals 0.000 7,692 1.9 2
MBtu/yr kwWwh/yr W mh/yr
T L L A SIRENT I SV AP L RN S SRR AR N R L A
Input Data Tablae for Lighting Ccntrol
' Systex Description: LT 2 - LI2
h_w ™
Variabls Deszription Symbal Value Units
ISR, VL VSR AT S A SRR YL WA S, S0y SN N T U SRS A W
Total power consumpti~n of lights TC) 15 kw
Lighting operation without EMCS Hl &80 hours/week
Lighting operation with EMCS  H1EMCS 32 hiours/weak
Lighting control laber savings o nh
Run time recording labor savings 2 nh
Safety alarm labor saviangs 2 mh
\ R LAV VT S VNI, S TR S

Annuai Energy Savings_Téble for Lighting Control

Pi__—::_ S 2 L P
Description: LT 2 - LT2
F T V. R SRR SR A LI S - .
Strategy MBtu/yr kWh/yr kW mh/yr
A N AN R
Lighting Control 0.00¢C 37,440 0.0 0
— e T
' Totals 0.000 37,440 0.0 0
MBtu/yr kWh/yr kW mh/vr
N SRR .
Input Data Table for Lighting Control
\-I_‘
System Description: LT 1 - TT1
L W R
Variable Description Symbol Value Units
bt - L SR ]
Total power consumption of lights TCl 84 kW
Lighting operation without EMCS Hl 80 hours/week
Lighting operation with EMCS H1EMCS 55 hours/week
Lighting control labor savings 0 mh
Run time recording labor savings 2 mh
Safety alarm labor savings 2 mh
R A A S ... R T S I T = WY ST T
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Annual Energy Savings Table for Lighting Control

Description: LT 1 - LT1
AStrategy MBtu/yr kWwh/yr kW mh/vr
- > mm_#
Lighting Centrol 0.000 . 109,200 0.0 0
———n e
Totals 0.000 109,200 0.Q o
MBtu/yr kWh/yr kW mh/yr
w

| EMCS Annual Energy Savings for Building 607

’ . Description value
AR R e . S |
Natural gas (methane) 99,138
Elactrical Energy 167,163
Electrical Demand Reduction 2.8
Labor Savings 6
(L "}




ACWT

At
ANDW

AWT

Az
ECEI

BTIT
CAP
CFILH

CkM

CHP

Appendix A. DEFINITIONS OF VARIABLES

Averags entering condenser water temperature in °*F. ACWT is
celculated during normal operating time period of 0900-1600
for temperature ranges above 55°F.

. Adjusted efficiency increase (decimal) of the condenser watsr

recat.
Enter the building’s gross floor area in ft?,

Annual) number of days reguiring morning warmup. ANDW is
calculated during normal start-up time period of 0100 to 0800
for tenperature ranges below 55°F. ANDW is limited by bciler
availability; use the lesser of ANDW, scheduled days of
boiler operation, or WKH x 7 days per week. :

Averaje summer temperature in *F. AST ia calculated during
normal off-time periods of 0100-0800 and 1700~2400 for
temperature ranges above 75°F.

Average winter temperaturxre in °‘F. AWT is calculated during
24 hour time period for ‘emperature ranges below 65°F.

Area of the zone being serviced by this system in ft?.
Percent efficiency increase when changing from one
boiler/converter to ancther. Use actual data or typical
value of 1.0.

Building thermal transmission factor in Rcu/hreft:.°F,
Total ilnput rating of boilers/converters in Btu/hr.

Annual eqQuivalent full-load hours for coolinyg in hours per
year. CFLH is calculated during 09006 to 1600 time pericd for
temparature ranges equal to or above 65°F. CFLH is limited
by chiller availability; usz scheduled days of chiller
operation if less than CFLH.

AHU capacity in cfm. Use, in order of preferance,
manutfacturer’s naue plate data, as-puilt mechanical plans,
catalog cdata, or & cfm value equal to the square feet o3 the
area being served (Az). "

Centrifugal chiller motor horsepower.

Centrirfugal chiller motor efficiency.
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CPT =

CSEIl =

Dz -
DCST =

Dh =
DIST =

He =

HCEMCS=

Energy consumption per ton of refrigeration in kW/ton
(electrical) or 1lb/ton-hr (steam). Use nameplate data, value
from manufacturer’s catalog, typical values listed below, or
approximate electrical power inputs for compressors listed in
the latest ASHRAE Handbook--Equipment. Table 2, page 12.7,
of the ASHRAE 1983 Handbook--Equipment is reproduced in

-Appendix C of the EMCS Savings Manual. To convert tons/hp to

kW/ton,
kW/ton = (0.746 kW/hp)/(1/xx tons/hp)
Typical values for electrically-driven units:

2ir Cooled DX unit (old) = 1.5 kW/ton
Air Cooled DX unit (new) = 1.3 kW/ton
Chiller w/o pump (old) = 0.8 kW/ton
Chiller w/o pump (new) = 0.7 kW/ton

Typical values for steam~driven refrigeration machines:

Steam absorption hachine = 18 lb/ton-hr
Steam turbirie driven machine = 40 lb/ton-hr

CPT will be the same for all air handling systems using
ciiilled water from the same central chiller. Direct
expansion units or package units will be exceptions.

The percent efficiency increase due to the EMCS selecting a
more efficient chiller.

Chiller water temperature reset in °F. The value generally
ranges between 2° and 5°F.

Present days per week of cooling equipment operation.

The amount of time, in percent, that the system can be shut
down for duty cycling.

Present days per week of heating equipment operation.

The amount of time, in percent, that the system can be shut
down for demand limiting.

Present hours of cooling equipment operation per week.

Proposed hours of cooling equipment operation per week with
EMCS.

Annual equivalent full-load hours for heating in hours per
year. HFLH is calculated during 0900-1600 time period for
tamperature ranges below 65°F. HFLH is limited by boiler
availability; use scheduled days of boiler operation if less
than HFILH.



Hi =

Hhe =
HhEMCS =
H“ =
H EMCS=
HP =
HSE =
Hs Sp =

Prasant hours of heating equipment operatiocn per weak.
Include warmup (WU) time.

Hours of operation per week for the hot deck/cold deck. Use
actual data or occupiad hours (OH) plus one hour per occupied
day.

’Proposed hours of heating equipment operation per week with

EMCS. Include warmup {WU) time.

Prasent hours of lighting equipment operation per week. Use
actual hours cf operation or hours of occupancy.

Propcsed hours of lighting equipment operztion per week with
ENMCS.

Total motor horsepower for all fans, ccoling, and heating
pumps associated with this system. EXCEPTION: For packaged
units such as Air Cooled Chillers and Air Ccoled DX units,
include HP as & ccmponent of the CPT factor.

If horsepower is not listed on the motor name rlate it may be
calculated as follows:

Design HP = V. X A X Jo x 1.34 hp/kv¥ x pf
1000 watts/kW

where, V = voltaqe, A = full load or rated amperage,
¢ = number of phases, pf = power factor (use actual data or
typical value of 0.90)

For motcrs 25 hp or greater, it is preferable to measure the
electrical consumption. Use total system HP for auxiliary
eguipment applications if required.

Heating system efficiency. Use manufacturer’s data or the
following averayge values:

0il or gas fired hoiler and

hot water heating system 0.6-0.7
Coal fired boilers 0.6
Electrical resistance duct heaters 1.0

All systems ~ Use actual data for heat eXxchanger efficiency
(HEE} , boiler efficiency (BE),. and distribution efficiency
(DEj) or use typical values of HEE = 0.90, DE = 0.%0.
Calculate overall efficiency as follows:

HSE = HEE (if any) x BE x DE

The tiwme, in hours pef week, during which the system is
operated at the SSP.




HV

Hwsp

LTL

OAE

OAEX

OH

Pca

PCWT
PEX

Phd

Heating value of fuel. Use actuai data or the following
average values:

Electricity (at the meter) 3413 Btu/kWh
Electricity (at point of generation) 11,600 Btu/kwh
Puel oll, distilliate #2 138,690 Btu/gallon
Fuel oil, residual §6 149,690 Btu/gallen

Natural gas {methane)!s 1,025 Btu/cf
Propane, gas's 2500 Btu/cf
Propane, liquidls? 91,50C Btu/gallon
Bituminous cozl?3 26,260,000 Btu/short ton
Steam (at point of consumption) 1000 Btu/lb
Steam (at point of generation) 1297 Btu/lb

The ¢ime, in hours per week, during which the system is
cperated at the WSP.

Total air infiltration for the »uilding ir c¢fm. This value
nmay be calculated using methods discussed in Chapter 23 of
the ASHRAE Handbook--Fundamentals.

Loyd factor for the motor(s). Use actual data or typical j
value Oof 9.80.

Low temperature limit in °F. LTL is the jowast allcwabie i
temperature for the zone. Use AWT in place of LTL if 3
AWT > LTL. If no LTL is desired, use AWT in place of LTL

and set PRT=0.

Average outside air enthalpy in Btu/lb. OAE is calculated QIE
during the normaily unoccupied time periods of 0100-0800 ‘
and 1700-2400 for dry bulb tenperatures above 75°F.

Percent efficiency increase in the heating system.

Increased ocutside air temperature will reduce demand thus
allowing water/steam temperature tc be decreased resulting

in decreased system losses. Use actual data or typical

wvalue of 1.0.

Zone occuplied hours per weak.

The portion (decimal) of total air passing tunrough the cold
deck. Use actual data or typical value of 0.50.

Present. condenser water temparature in °F.
Percent efficiency increase of the chiller.

The portion (decimal) of total air passing through the hot
deck. Use actual data or typical value of 0.50.

Decimal fraction of outside air which is inducted into the
systen. ’
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PRT =
PT =
PWR =
RAE =
RCWT =
REI =
RAR =
SCDR =
SDC =
SDDDBT=
SDT =
SHDR =

Fan percent run time to maintain 55°' lou Temperature Limit
(LTL) . The percent run time is the percentage of scheduled
off time Auring unoccupied periods when the fans and pumps
must come back on in order to maintain a 55°F low
temperature limit. Use the actual equipment schedule if
availabla. If no LTLU is desired, set PRT=0.

The cutsid: air purge time, in minates, which is required

prior to occupancy for a system which has keen shut down by
the scheduied start/stop strategy.

Kilowatt power rating for electric beating devices.

Raturn zir enthalpy during unoccunied hours. Use 292.91
Btu/lb for 73°F and 50t humidity. For other coonditions
cbtain value from psychremetric chart (Appeacdix Z).

Potentia’® reduction in condenser water Lamperature in ‘P,

Rate of efficiency increase per °*F iu
water temperatura. Typical valuss sy

3

rease in chilled

Screw compressor machine 024 per °F
Centrifugal muachine .O17 per °F
Reciprocal wmachine .012 per °F
Absorption machine .006 per °F

Reheat system cooling ccil discharge reset in °*¥F. Typical
increment 3°F. Maximum value typically 6°F.

sSumnexr cold deck reset in ‘F. The average reset that will
result from this function is deperncdent upon the zir handler
capacity relative to loads in the spzce that it serves.

A typical increment is 4°F.

The percent of maximum cocling capacity that the
centrifugal chilier can be stepped down for dexand
limiting.

Summexr design data 2.5% dry bullk temperature in °*¥. This
is the dry bulb %Zemperature which was equaied or exceeded
2.5 % of the time, on average, during the warmest

4 consecutive months (standardized as June, July, August,
September).

The amcunt of time, in percent, that the centrifugal
chiller can be shut down for demand limiting.

Summer hot deck reset in °*¥F. The average reset that will
result from this function is dependent upcn the air handler
capacity relative to loads in the space that it serves.

A typical increment is 4°F.
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SEp =

SSPR =

C, =
TON =

VoAt =

WoLDBT=

WKC =

WKH =

Surmer thermostat setpoint for occupied pericds in °F.
Typical walue 75°F.

sumper setpoint reset is the number of °F that the
tharmestat is raised during cooiing season unoccupied
periods. SSPR < (AST-S%PF). SSPR is used (infrequently)

-for the Day/Night Setback strategy.

The total kW power consumption of lights in zome.
Chiller capacity in tons of refrigeration.

Thermal transmittance factor for specific exterior surfaces
in Btu/hre«ft? «*F. '

Modified Coxbined Thermal Transmittance Factor. This
rmodified combined U factor is for all exterior surfaces
{walle, windows, doors, roof) and wmay be calculated wsing
methods discussed below and in Chapter 22 of the ASHRAE
Randbook--Fundanentals {ref Apperdix C).

Repeat the U x A calculation for each different type of
wall, window, door, or roofing materizl.

UohAo = (U wall x A wall) + (U window x A window)
+ (U door x A door) + (U roof x A roof)

winter design dsta 97.5% dry bulb temperature in °*F. This
is the dry bulb temperature which was egualed or exceeded
97.% % of the time, on average, during the coldest 3
consecutive months (standardized as December, January,
February).

Winter hot deck reset in °*'F. The average reset that will
result from this function is depandent upon the air handler
capacity relative to loads in the space that it serves.

A typical increwent is 4°F.

Length of cooling season in weeks per year. WXC is
calculated using 211 annual total hours above 55° F,
WKC is less ithan or equal to chiller operating period.

length ol heating season in weeks per year. WKH is
calculated using all annual total hours below 55° F.
WKE is less than or equal to boiler operating period.

Winter thermostat setpoint in °*F for the zone being
serviced by this system.

The number of °F that the thermostat is lowered during
heating season unoccupied periods. WSPR is less than or
equsl te the smallar value of (WSP-LTL) or (WSP-AWT). WSPR
is used for the Day/Night Setback strategy.
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wu = Prasent waraup time befure cccupancy in hours per day. Use

@ Notes:

currsntly schoadulied time or 2 hours pei dav.
1. Heating values for these materials are averages based
on the folliowing conditions:

Di'y gas at 60°F, 30" Hg., Specific voluwe at 32°F,
29.92" Hy.

More precise data may be used if available.

2. This is an average valuz foc low, medium, and high
volatile (A, B, C) bituminous coal.

3. Referenca 1989 ASHRAR Handbook--~Fundamentals.




Appendix B. CONSTANTS and CONVEFRSION FACTORS

1.08 Btu/cfms«hre°F =m>
nominal air density x nominal specific heat x conversion factor
0.075 lb/ft3 x 6.74 Btu/lbe+°F x €0 min/hr

4.5 mineib/href£t’ =>
nominal air density x conversion factor
0.075 /£t x 60 min/hr

. 12,000 Btu/hr = ton of refrigeration

1000 Btu/lb nominal heat content of stcam

0.745 kW/hp

Tons of cooling {chiller) = (GPM x delta °*F inlet tc outlet)/24

condanser GPM = (Torns of chiller capacity x 39)/delta °F inlet to
outlet

168 = hours/wk

52 = wks/yr




Appendix C. ASHRAE DATA and METHODOLOGY

Chapters 22 and 23 in this section are reprinted by permission of
ASHPAE from the 1923 ASHRAE Handbook--Fundamentals. These sections,
including handwritten corrections, were received from ASHRAE on

March 11, 199%92.

The paychrometric chart and "Tuble 2" have credits as noted.




CHAPYER 22

THERMAL AND WATER VAPOR TRANSMISSION DATA

Building EAveiopes .. ...cuvveiinnnnnnn en
Caicilating Overall Therm:a! Resistancis . .. ..
Mechanical and Industyial Systems ... ......

Cazlcularing Heat Flow for Bu:ied Pipelines

................................... .
...... Creeenetentetetionneantenns Bdd

..... B N I I I P P A A A AP AP Y

-
.

e HIS chapter presents thermal and water vapor transmissicn

data based on steady-state or equilibrium conditions. Chaprer
3 covers heat transfer under transient or changing temperature
conditions. Chapter 20 discusses sciection of insulation materiais
and procedries for determining overall thermal resistances by
simplified sethods,

BUTLDING ENVELOPES
Therma! Transmission Data for Building Components

The steacy-state thernal resistances (R-values) of building cotn-
poner.ts (walls, fioors, winuows, rcof systams, etc.) can be
calcuincd from: the thermal propevties of the materials in the com-
ponetit; or the hear flaw through e sssembled componeni cat
be measured directly *vith ishetory equipment such a2 the giard.
ed hot box or the calibrazed hot box.

“Tables 1 througn & list thermal values, which may be usad to
aalculnie thermal resiscances of beilding walls, flcors, and ceilings.
The values shown in theie tabies wore developed undes idezi con-
ditions. Ir pracrice, overall thermal performance ckii be reduced
sigaificanily by such factocs as improper installation and
shrinkage, settling, or compression of the insulation (Tve and Des-
jariais 1983, Tye 1988, 1986).

Most vaiues in these tables were obtaincd by accepred ASTM
rest miethods dezeribed in ASTI Standasds € 177 and C 518 for
magerialy und ASTM Standards C 236 and € 976 for building
envelope componesits. Bacause scrumercially svailable materials
¥ary, not all values appily 10 specific products. Previous editions
of the handbook can be consuited for data on marerials no longer
~omuntreialiy available

‘The most acsurate method of determining the overail thermal
nsistanee for 8 combination of butlding materiais assembled ag

The prepmeation of thix chacter is assigned 50 TC 3.4, Thermal Insulation 24
Moisture Rrewaders.

& auilding ezivelope componernt is it test 2 represenrative sample
by a het box methed. However, all combinations may ot be coq-
venizntiy or zconornically tested in this manncr. For many simple
counstructions, calsulated R-values agree reps.onably well with
values determined vy hot box 1measuramnent.

The perforrnance of materials fabricited in the field is espedially
subjert to the quality of workmanship during construction and
installation. Good workmanship becoines increasingly important
as the insulation requirerment becomes grester. Therefore, some
engineers inciuds additional insulation or other safery factors
based on experiencs in their design.

Figure i shows how convection affects surfacs conductance of
several materiais. Other tests on smooth surfaces show the average
value of the convection nart of conduczance decreases as die lengeh
of the surfzce increases,

‘Vapor retarders, outlined in Chiaprers 20 and 21, require special
attention. Moisture from condensation or other sources may
reduce the thermal resistance of insufation, but the effect of
raoisture must be dexermained for each material. For example. some
materials witk large airspaces are not affected significaaly if the
moisture content is less than 1% by weight, while the effret of
moisture on other materials is approximately linear,

Idex! conditions of componants aud installarions are assumed
in calculating ove:ull R-values (ie., insulating materials are of
unifora nominal thickness and thermal resistance, airspaces are
of uniform thickness and surface remperacure, moisture effects
are not involved, and ins:allatiori details ars in accordance with
design). The National Bureau of Standards Building Materials
and Structures Report BMS 158 shows that measured values dif-
fer fram calculated values {or certain insulated constructions. For
this reason, some engineers decrease the calculated R-vajues a
moderaic amount (o account for departures of constructions from
recuivements and praclces.

Tables 2 and 3 give values for »vell-szaled systems constructed
with care. Field appiications can differ suostantiaily from
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isboratoy test conditions. Air gaps ip these types of iny 2lation
systems ¢an seriously degrade thermal performance iz a resuly of
air moveman. due to both natusal and fowred convection. Sabine
e ai. (1$75) found the tabular values are not necessarily additive
for mulitipie-Ilnyer, low-ctaittance airspaces, and tests cn sccual
constructions should i conducted 1o sccurately determine ther.
mal resistance values,

Values for foil insulation products suppiied by manufacturers
must also be used with caucion because they apply only t¢ systems
that are identical to the conflgurating in which the product was
tested. In addition, surface oxidation, dust sccumulation, snd
ather factors thas change the condition of the low-emit:ance sur-
facz can reduce the thermal effectiveness of these insulation
syztems. Deterioration results from contact with several types of
solutions, ejther acidic or basic (.., wet cemeat mortar or the
prazervatives found in decay-resistant lumber). Poliuted en.
vironments mayv cause rapid and sevete material degradation.
Howver, site inspections show a predominance of weil-preserved
installavions and only 3 small number of cases in which rapid and
sevene deterioratinn has occurred.

CAYXCULATING OVERALL THERMAL
RESISTANCES
Relarivel srmall conductive efements within an insulating layer
or therma! bridges can substantially necivuce the aversge thermal
resistance of a component. Examples include wood and motal
studds in frame walls, concrete webs in concrete masonry wails, and
mvets] tizs or Sther slements in iasulated well panels. The foilov-
ing maamples ilfustrate how to calcuiate R-values and U-factors for
cor:poaents containing theriral bridges.
R v‘l;:r f{ollowing conditions are assumed in calcuiating the desigm
~values: '
(1) Equilibrium or steady-staze heat transfer, disregarding ¢ffects
of heat storuge;

1989 Fundaraentals Handbonk

(2) Surrounding surfaces a« ambient air temnperature;

(3) Exterior wind velocity of 18 raph for winter (surface withR =
0.17°F - ft2 «h/Bu) and 7.3 meh for summer (susface with R
= 0.25°% « fr*-h/Bru); and

(4) Surface emittance of ordinary building materials i 0.99.

Table I Surface Conductances, Bru/h-[t? .F,
und Revistances, °F-ft3:h/Btu. for Aipsdsd

Surluve Emittance, «*

Posiiloa ¢f Direction Noe- Reflloctive
Surface of Heat raflective
Flow e x 0.9 =330 ¢m=0.05
i-i,' R h' R h’ R
STILL AIR
Horizontal Upward 1.63 0.61 0.91 L.10 0.76 1.32
Sloping~-45? Upward 1.60 G.62 0.38 1.i4 0.73 137
Veruiea) Horizontal 1.4 0.63 0.74 1.35 0.5% 1.70
Sloping—<5* Downward 1.32 0.7 0.80 1.67 Q.45 2.2
Horizonial Downward 1.08 0.92 0.37 2.70 0.22 4.5%
MOVING AIR (Any Position) A, R K R Hhy R
13-moh Wind Any 6.00 017 - -
{for winter)
7.5-mph Wind  Any 4.00 0.25 - -

(for summer)

S0 surface kas both an airspace resistance value and a surface resistaace value.
No sirspace value exists for any surface facing an airspace of lews than 0.5 ia.

BFar ventilated astics or spaces above cailings under summaer conditions (heat
flow down), se¢ Tabls $.

SCond:ciances are for surfacex of the siv'ed emittance facing virtual bisckbody
weroundings 3t the same temperature as the ambwent air. Values are sased on
a syrfecr-air temperature differcace of 10°F and for surface temperature of 70°F.

CiSee Chapter 3 fur more detailed information, especially Tables S and 6, and
a® Figurs | for sdditional data, .

“Condensate can bave a signiflcant impact on surface emittance (soe Table 3).

Toble 2 Thesmal Resistances of Planc Airspaces>%, F .1 -h/Btu

Pouition  Direction e 0.5-in. Alrspaces 0.75-n, Airspsce’
o of Mesa Temp.
Alngyze Het e, LTTRR Eitectiv. Emiitance, E44 Effective Emittance, £92
Fhow e F [T :] .83 0.2 3 9.52 8.03 0.0¢ 0.2 [ K] 982
N 10 233 203 11 09 0.3 34 22 161 .04 Q.78
0 » 1.62 \S7 13 0.96 9.78 [t 1.66 1.38 0.99 0.77
39 10 213 2.08 180 ut 0.34 2.0 2 | Ay 115 o8
Horizn, Up [ @ 173 L 148 112 on L.43 1.79 1.82 L18 093
Q 0 U0 pX. 3 A& a7 L 223 Li6 .78 3 1.02
I -%0 0N 1.69 1.66 149 123 108 157 174 1.5% L7 .07
-3¢ 0 04 2.00 175 1.40 .16 16 n 134 1.46 120
0 10 14 23 1.8Y 1.06 .76 2 278 1.58 118 0.81
30 k17 2.56 1.9 156 L.16 0.4 i 1.92 152 1.03 0.52
43 30 10 138 .44 183 122 0.90 290 275 .00 1.29 0.9¢
Slop: Up ] 20 230 14 L76 1.30 H L) 23 207 L2 1.28 L KV-+]
0 0 .6 134 20 L4 110 7N .62 208 147 112
-30 X .08 e ) 178 42 117 .08 201 .76 1.4 1.16
-30 10 pX 73 P bRV 1.66 133 33 247 210 (X (]
0 10 287 Pl ) L7 1.06 &7 R 13 .08 122 9.84
° Jo .57 46 L3 123 w00 291 .77 201 130 0.594
30 10 2.66 234 138 124 AN - 146 28 143 1.01
Veeresd Horiz, =wesie 0 N n m AT 130 1.9 EXTY 302 w2 158 1.18
[ 10 292 P2 o] 220 133 i.19 wn )59 PR Y 1.7} 126
-~ 30 20 290 282 )3 1.76 1.39 250 283 238 177 .39
-30 0 10 310 .54 1.57 148 R 160 .87 204 1.56
&~ 0 2,48 e 1.§7 108 b hg 1.4 27 210 123 0.54
mn 30 2352 1.87 lad .00 14 32 224 LY 0.99
43° su 10 267 135 1.9 133 05 hK 1) 15 240 (R3] 1.02
Slope Doen 9 2N .50 .19 132 Lis 373 1.9 s wn 26
0 0 9 pAn) ol 1.53 W13 4.12 bR wm 1.80 1.30
-50 4] 316 3 2 1.6 145 i 1.6$ 190 208 1.57
~50 10 328 116 pA) 139 47 435 413 h Il i | 100
N 10 3.48 pA T 167 108 0.7 158 129 20 122 2.85
S0 » 2.68 234 Lb3 124 09 n 38 238 1.%4 .02
30 10 167 88 [% 2 G9% 134 139 41 148 192
oz, Down [ 0 1% .83 ] 3] 145 408 kR -] 233 1.81 1230
0 w 298 215 2 153 .18 4.2 4.02 .47 1.8% 3
-59 20 328 148 143 i 147 a6l 441 136 L8 K. ]
-3 0 328 )18 .50 [R°H) 1.47 4.7 45 142 i 1] [#4]
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Table 2 7 hermal Res'stances of Plane Airspaces™, *F {2 «h/Bwm (Coacluded)

Position  Dirciion Airspace 1.8-in. Airspaces 3S-in. Airapacet
of o Mean Termn.
Heet Temp.4, LYK Effective t mittapce, £+ Effectirr Emittance. £ le
Flow 1!' ¥ 0.03 0.3 0.5 0.32 0,03 .05 02 0.3 0.82
%0 10 2.55 241 .7 1.08 .77 2.84 2.66 1.8} 13 0.0
30 b)) L8 1.8} 1.48 1.04 0.50 .09 2.00 1.8 1.10 0.84
) 50 10 2.5 2.9 1.81 1.31 0.39 .30 266 1,98 1.29 0.93
Hooir. Up 0 20 2.0 1.98 1.63 1.2 0.7 .28 314 1.79 1.32 1.0
0 i0 2.43 3¢ 1.90 1.38 1.06 ]| 163 207 147 1.12
)} =30 &£0 1.94 1.91 1.62 1.3¢€ B4 .19 214 1.86 147 1.20
-30 10 t X AT 1.9 1,88 1.26 2.68 .53 2.18 1.87 1.33
] 10 292 2.7 1.86 1.4 0.20 3.18 1.96 1.97 1.18 0.82
o 3 30 L1 bX 1.6 112 0.8+ 2.2 2147 1.6" 1.18 G.36
age / 30 10 2.58 2.0 1.9% 1.9 ?.94 3. 1 § gg; ,:_ ;3 1.}: o.g:
Slope U 0 20 230 pabl ) 182 1.3 .0e 2 .3 . 1. .
; 9 10 2. 2,62 2.2 1.49 113 2.9¢ .87 1.3 1.44 116
-$0 . b1} . .17 1.88 1.49 [ 9] 23 2 197 14 1.3¢
-% 10 PR ] .64 233 1.69 138 197 17 .33 .78 .39
90 i 399 1.6 228 .37 0.87 1.69 3.40 2.18 ;.23 0.3
30 30 L 3,46 1.34 1.23 0.90 2.6% 2.48 1.99 138 0.9)
0 10 3. 3.38 219 1.8 1.02 1.63 3. .32 142 1.01
Varveal Hotig. emwmt 0 20 2,76 .66 2.10 1.48 112 288 it 1 217 1.51 144
o W 390 3.28 2.51 1.67 1.23 3.49 .13 250 .47 1)
-0 20 2.64 258 2.18 1.66 1.33 an .78 2.30 1.7 1.37
-5 10 wn 1.2 e §.9¢ 1.48 3.40 130 267 1.94 1.%0
% 10 3.07 4.9 2.56 1.3% 0.91 4.3} 4.3 y 1.34 0.90
30 0 .58 1.36 20 1.42 1.00 3.91 .30 .28 1.30 1.00
45° ] 10 s.:0 4.6 288 1.60 1.09 374 4.36 2.73 1.57 1.8
Slope Down o 20 388 1.66 1.68 1.74 .27 N 3.63 2.66 LT 1.27
0 10 49 4.62 3.16 194 Ly 1.59 4.32 3062 1.8 L34
4.-9% 20 3.6 3.50 2.0 2.0t 1.54 n 3.64 2.90 .08 1.57
-%0 10 4,67 447 3.% L 1.70 4.50 432 331 2.2¢ 1.8
0 10 6.09 5.3¢ 279 1.43 6.4 n.m 8.1 3.41 1.87 109
0 30 €27 3.63 3.18 1.70 L1e 9.0 817 346 1.48 1.2
$0 10 £ 61 3.50 n 1.73 1.14 11.18 9.27 .09 1.93 .24
Horiz, Down 0 20 7.0 6.43 3.81 219 1.49 19.90 9.52 4.7 2.47 1.62
0 10 s 5T 6.66 4.0 Pa] .51 11.97 10.32 3.68 257 1.64
- 50 0 .13 7.20 an 1.88 1.9 11.64 1n.49 6.02 328 2.18
~ %0 1 .08 1.52 4.9 3.9 2.01 12.98 11.56 6.36 3.4 2

SSee Charues 20, secuon on *Factors Affecting Hear Transfer Across Airspaces”
rmal resistance values ware determined from the eiazica, R = /7C. whersC =
h. + Lk, 4, is the conducnoa-cunwetion coefficient, £A, is the radis:ion cosf-
ficient 3 O.UDSB6E (1, + 460)/100)/, und i, iv the mean remperarure of the
aitrpace, Vatues for &, were decrrmined from data dewroped by Roviason of al
(1934). Equations 5 ibreugh 7:(n Yarbrough (1963) show the data in Table L in analytic
form. For exirapoiation (rom Tabi 210 airspaces less thiss 0.5 in. (as in nsulating
windcw giass), assume )

Ao = 0.059(1 + 0.0006 ()71
where / is the airspace thickness in in., and £, is hest transfer tiirough the airspace
only.

®Values are based on daia presenied by Robinson ef al. (1954). (4120 sen Chapr
3, Tabies J and 4, and Chapeer 39). Values apply for ideal conditicns, Le. aizspases

Wood Frame Walls

The average overall R-values and U-factors of weod frame walls
¢an be calculated by assuming parallel heat flow paths through
areas with different thermal resistances. Equations (1) through (5)
from Chapter 20 are used.

For simple stud wal's 1§ in. on center (CC), the fraction of fram-
ing is assumed 10 be approximately 0.15; for studs 24 in. OC, ap-
proximateiy 0.12. These fractions corntain an allowance for multi-
ple studs, plates, sills, and extra framing s7ound windows and
doors but do not allow for headers or band joists.

Example 1. Caiculate the U-factor of the 2 by 4 stud wall shown in Figure
2. The wuds are at 16in. OC. Thereis a 3.5- in. mineral fiber batt insula-
tiox (R-41) in. the stud space. Theinside finish is 0.5-in. gypsum board; the
outside i+ finisaed with 0.5-in. vegezble fiber board sheathing and 0.5-in.
by 8-it. wosd japped siding. The framing cerupies approximately 15%
of the trensmission area.

Solution: Obuain the R-vajue of the various building elements from
Tables | and 4.

of uniform thickness bour ded by plane, smooiy. parsilet surfacrs with no air leaiage
to or from the space Whan accurate values are required, usc overall U-factors deter-
mined through calibrated hot bux (ASTM C 976) or guarded hot box (ASTM € 236)
testing. Thermal resistance values for multiple aivspaces must. be based an caretul
silimates of mean temperazure differvnces for cach cirspace.

A sinzie tesistance veiug cannot account for multipie Sr¥Nes: each airspace re-
Quires 3 separate resistaice calcularion that applies oaly for the established boun-
dury coaditivas. Resistasces of horigonts! spaces with heat flov downward are
substantially independant of tempersrure diffenmce.

dnt-rpotation is pemissiblc for other values of Mean teriperature, tempserature dif-
farence. and ¢ffective emittance £. Interpoliiion and m extre.ociatign for
airspacey greater 1bar 1.4 in. are aiso permistibl witan %
*Efective emitjanzy £ of the airspace is ywwezesd I/E -'1. v ey - *hm €
and e, are € emittances Of the suefaces epthe ainpu:,(see Table 3).

3

Flement R(Insulation) R(Framin
i. Qutside surface (15 mph wind) 0.17 017 .
2. Wood bevel lapped siding 0.51 0.8
3. 0.5-in, shearning 132 132
4. 3.5-ia. minzsad fiber bace insulacion ] -
5. Nomiral 2 by ¢ vood stud -— %1 ]
6. 0.5«in. gypsiun waithoard 0.4 0.48
7. Insice surface (still aic) X1 - .68 -
R, = i4.9) Ry = 781

Therefore Uy = 0.069; Us = 0.128 Beu/h- feé: °F,
If the wood framing (i.e.. thermal bridging) is not included, Equation (3)
from Chapter 20 may be used to czlculate the U-factor of the wail 25
follows:

U, = U, = /8, = 0069 Btu/h- ft3°F

[f the wood framing is account:d for using the paraltel flow method, the
U-factor of the wall is derermined usicg Equartion (3) from Chapter 20as
follows:

U,, = (0.85x0.06%; + (0.15x0.128) = 0.078 Btush- {13-5F
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If e wood frmmicg b includad! using che isothermal planes method, the
U-factor of the wall {s determined using Bquations (2 and () from
Chapeer 20 as follows:

Ry, = 2230 + 1/7{(0.85/11.00) + (0.18/4.38)] + L3
w 1324 Fefde i Biu
Up =~ 0080 Btu/heh 3-°F
For a frame wail with 3 24in. QC siud space, the avesage oversil R-value
tacomes 13.16°F- fi*- it/ Btu, Sitnilar eslculation procedures can be used
3 evlwise oches wrall Amigns,

Masonry Walls

The rverage overnll R-values of masc nry ‘walls can be estimated
by arsurring a combination of luyers iv. sesies, une or more of
which provides parailel pashs. This me:biod 15 used because heat
ficws arerally through block face shells 5o that transverse isother-
mal planes result. Aversge toral resisiance R, i8 the sum of the
resistances of the layers between such plancy, each layer cslculated
as shown in Example 2.

Exnmple 2. Caleulazs ihe overall thermal rexistance and average U-factor
of the 7-5/8-in. thick insulated concreta block wall shown in Figuce 3. The
two-core block hat an average web thickneis of 1-in. and a tace sheil
thickpess of 1-1/4-in. Cverall dlock dimensions are 7-5/8 by 7-3/8 by
15-5/ 4 f. Therma! rasisvances of 112 /A consrese and S 1b/A? evpand-
od parii; insnbuion are 0.10 and 2.90°F- A+ /B per in., respectively.

Solution: The equation used to determine the overall therma! resistaner:
of the insutaced conerue block wall is derived irom S3uations {2 and (5)
from Chaprer 20 and is given bulow:

R_R
Rr,,,,-le,-»&,o-ma'd.

where

Ryier; = overail thermal resistance based on the assumption of
frothermal pianes
R, = thermal "esivtance of inside air surface Ml (still #i2)
R, = thoamal resisracce of gwside air surface film (1S mph wind)
F- = tixal thennai registance of face shally
£, = thermal resistance of cores between face shelly
R, « thennal resisiance of webs between face shelis

L1
T
i =
JE2E2
£ ra ]
! MEAN TEMP. « 20
ERU IR AR AR

Fip. | Surface Cunductance for Different 12-Inch-Square
Surfnces as Alfected Wy Air iviovameat

1989 Fundamentals Handbook

- = fraction of total areu teans: <rse to heat flow represenied by
webs of blocks

g, = fraction o totel area ransverse 1o heat flow represented by
cores of Mocks

From theint{ornation given and the dati in Tabis 1, determine tive values
neaded to compute the oversll thermal resistance.

R; = 068

R, = Q.17

R o (25K0.10) = 0.28

R = {$.A2M2.90) = 14.86

R., = (5.12850.10) « 0.5}

a, = 3715825 = 0.192

a, = 12.625/15.627 » 0.8C8
Using the equatioa given, the overall thermal resistance and average U-
factor are calcutated as follows:
Ryrey, = 0.68 + 025 + (0.51)(14.86)/{(0.308)(0.51)

4+ (0.192) (14.86} <« 0.17
™ 0.68 + 0.25 + 2.35 + 0.17 = 3.33°F-ft>-h/Bwa
U, = 1/3.43 = 0.292 Bw/h- ft>- °F

Based on guarded ho: box tests, Van Geem {1935) mensured the averyge
Revelue for thiy insulated concrete block wall as 3.13°F« fi*+ h/Bu,

Assuming peraliel heat ilow only, the calculated resistance is
usually higher than that caiculated on the assumption of isother-
mal planes. The actual resistazice generally is some value between
the two calculated valises. In the absence of test values, exam.na-
won of the coustruction usuaily reveals whether a value closer to
the higher or lower aiculaced R-value should e used. Generai-
ty, if th+ construction sontains a layer in which (ateral conduction
is high compared with transnittance through the construction, the
calcularion with isothermal planes should be used. If the construc-
zion has no layer of high lateral conductance. the paraliet heat fiow
calculation should be used.

Hot bax tests of insulated and uninsulated masosns:: walls con-
strycted with block of conventional configuration show thss Jier.
mal resistances calculated using the iscthermal planes hearr flow

4 67

1. Quisxde surtace {15 mpoh wind)

2. Wood siting, 05 . by 510, \apped

3 Sheaung, 0.5 in, vegetabia tiber boarg
€. Minaval tiber Datt insulahon, 1S in.

§. Noimnal 2 by 4 wood stud

8. Gypaum waliboard, 05 in.

7. insicte surface (st air)

Fig. 2 lisuizied Woead Frame Wall (Example 1)
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method agree well with measured values (see Van Geem 1985,
Valore 1980, Shu eral. 1979). Neglecting horizontal mortar joints
result in thermal transmittance values wp to 16%, lower than

ual, depzading on the density and thermal properties of the
masonry, and | to §% lower depending on the core insulation
material (Van Geem 1983, Mclntyre 1984). Horizontal mortar
_Joints usually found in concrete biock wall construction are

negiscted in Example 2.

Panels Containing Metal

Curtain wall constructions often include metallic and other
thermal bridges. Thermsl resistance of panels can be significantly
reduced by metallic therma! bridges. However, the rapacity of the
adjacent facing materials to ransmit heat rransversely to the metal
is limited, and some contact resistance betweer all materials in
contact limits the reduction. Contact resistances in building struc-
tures are only 0.06 to 0.6 °F- ft>- h/Btu which are too small to be
of cnncern in many cases. However, the contact resistances of steel
framing inemuers zre importeat to consider. Also, in many cases
(as illustrated in Example 3) the area of metal in contact with the
fucing greatly exceeds the thickness of the metal which mitigates
the influence.

Thermal characteristics for panels of sandwich construction
can be computed by combining the thermal resistances of the
various layers. However, few panels are true sandwich construc-
tions; many have ribs and stiffeners that create complicated heat
flow paths. R-values for the assembled sections should be deter-
mined on a representative sample by using a hot box method. If
the sample is a wall gection with air cavities on both sides of
fibrous insulstion, the sample must be of representative height
since convective airflow can contribute significantly to heat flow
through the test section. Computer modeling can also be useful,
but all heat transfer mechanisms must be considered.

1n Example 3, the metal member is only 0.020 in. thick, but

itis in contact with adjacent facings over a 1.25 in.-wide area. The
stee! nieraveris 3. £0in. deep, has a thermal resistance of approx-
imately 0.0i!°F- ft3- h/Btu, and is virtually isothermal. The

calculation inwolves careful selection of the appropriate thickness
for the steei m»mber. [f the member is assumed to be 0.020 in.

thick, the fact that the flange transmits hear to the adjacent fac-

‘ing is ignored. If the mermber is assumed to be 1.25 in. thick, the
hess flow through the steel is overestimated. In Example 3, the steel

member behaves in much the same way as a rectangular member

Table 3 Emittance Values of Various Surfaces and
Effective Emittanc>s of Airspaces*
Effective Emittance,

E of Airspece
One surface Both sur-
Average emiltance ¢¢  [sces emil-
Surface Emittance ¢  the other 0.9 tance ¢
Aluminum (oil, bright 0.0 0.03 0.03
Aluminum foil, with con‘denme
just visible (> 0.7gr/f) 0.30° 0.29 -
Aluminum [oil, with
condensate clearly visible
2.9 gr/ted) 0.70° 0.63 -~
Aluminum sheet 0.12 0.12 2.06
Aluminum coated pager.,
polished 0.20 0.20 0.11
Steel. galvanized, bright 0.25 0.24 0.9
Aluminum paint 0.30 0.47 0.35
Building materiais: wood. paper,
masonry, nonmetallic paints  0.90 0.82 0.82

Regular glass 0.84 0.77 0.72 =

*These values apply in the 4 10 40 um range of lie electromagnetic spectrum.
bValues are hased on data presenicd by Bassett and Trethowen (1983),

22.5

1.25 in. thick and 3.50 in. deep with a thermal resistance of
0.69°F- ft*-h/Btu {(1.25/0.02)) x 0.011] does. The Building
Research Association of New Zealand (BRANZ) commonly uses
this approximation.

Exs.mple 3. Calculnte the C-factor of the insulated sieel frame wall
shown in Figure 4. Assume that che steel member has 2 R-valve of
0.69°F £*+ h/Btu and thar the framing behaves as though it occupies ap-
proximutely 8% of the transmission area,

Sutsiion: Dteeie the R-values of the various building elements from
Table 4.

Element RiInsulation) R(Framing)
1. 0.%-in. gypsum wallboard 0.45 0.45
2. 3.5.in. raiaerai fiber batt insulation u -
3. Steel framing member - .69
4, 3.53-in, gypsum waliboard 0.45 0.45
R, = 1190 Ry = 159

Therefore, C, = 0.084; C. = 0.62% Miu/hs fts- °F,

If the steel framing (ie., thermal bridging; is not considered, the C-lactor
of the wall is calculated using Equation (3) from Chapzer 20 as folicws:
Cp ® Cy ® I/R| = 0.084 Btu/he frd: °F
{f the steel [raming is accounted for using the parallel flaw methad, the
C-factor of the wall is determined usiug Equation {$) lrom Chapter 20 as

follows:
Cov = (0.92 x 0.084) ~ (C.08 x N.623;
= 0.128 Buu/h- fti- °F
Ryieyy = T.81°F-ft*- W/ Btu
If the stec! (raming i3 included using the isothernial puanes method, the
C-factor of (he wall is determined using Equations (2} and : 3} foon, Chaypter

20 a3 follows:
= 0.45 + 1/7{(0.92/11.00M + (A.08/0.6%)] + 0.4

R
T - 5.91“F- ft*-h/Bm
Co ™ 0.169 Bru/hs ft3- °F

Farouk aad Larcon (1983) measpred an average R.-valug of
6.61°F ft>* h/Btu for this ingilaied sicel rrane well.

1. Quiside surface (13 mph wicg)
2. Conc 'otg bilack

3. Expanied perniis ingulation

<, Livside swtace (sull a)

Fig. 3 insuluind Concrete Block Wall (Exameple 2)
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Tabis 4 Typical Thermal Properties of Common Building snd lml-unLMnmm:—De:;uu Virlves®
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BUILDING BOARD

ArBeMOs-Comert TRt L. .. i i b
Asbcnmcmmamu PN + N P L3 B
Asbestosecoraent boaad L. L. L. 0.23 in.
Gypsuin or piaper Boset. ... .. Veareiean e 0328 i
Cvpsum or logror B, . ... oa‘u
Gypsun orplumboud trarennne 0628 in.
l'lywood (Dougiag Fup ..., weeeas Ceveen
Plywood ‘Deugles Fir)....ooevn v vneee.. .. 028 1.
Plywood {Dmg‘.au B erceeneneiconns v 020378 in.
Plywoud (Douglas Fird....oo oo vianenn e 0.8 0.
™neond (Douglas Fir).. cerverenes. 0625 i,
Plymd or woud puwis .......... Caaniaas 073 .
z:qmmww 0.5 i
AN x edeesnsun e es vas n.
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BUILDING MEMBRANF
Vapor—parmaezble felt ... ..................
Vapor——3ea!, I ‘ayers of movped

L L £
Vapor—g3l, plastic filin

§
H

16.70

- 0.0%
- a.l2
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Carpu:::'lg::zx.

a1 [ T T T
gﬂﬂ Creestesbsenvecenar s aa ......‘.(‘ l’L m.
TOITAREID ... ..vociivevnerancenes sacaseraanec) M
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0.6
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INSULATING MATERIALS
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Tanle 4 Typicnl Thermal Propirives of Comwmon Buﬂdlgg_ and lmmlatin! Materisis—Design Vaiues® {Continucd}

Resistance ()

% an.dubc- Conduc- Per inch For thick-
Uviiy tamce thickness ness itsted 1
k), (), /&), /C), 5;:::"
Lensity, Rtuein, Biu Fofiteh SEftd o B!u!
Dusctiption /el bttt F -t oF Btu-ia. Bt A
Expanded polystyrene, extruded
vaoamh skin surface) (CFC-.. axp) ooooviivhunns 1.0-3.5 0.20 - 5.00 - 0.29
Expasdad polynyrene, moided beads. ... .ovovcunnn 5. 0.26 - 3.8 - e
» 1.25 0.25 - 4.00 - -—
1.5 6.24 -— .17 - -
.75 €.24 — 4.17 - -
- 2.0 .23 — 4,35 -— -
¢ Cellu'er poivurethane/polyisocycaurate?
(CFC-i1 exp.)(enfeced). ..ooooennenn veeeas vesae 1.5 ¢.16-0.18 -— 6.23-5.56 L 0.38
Cellulas volyisocyanurate?
(CFC-11 exn.)(gas-permesble facers) ... ........ 1.5-3.5 0.16-0.18 - 6.35-5.56 - 0.22 Pt
Cellular polyisocyanusaie’ @
(CFC-1? exp.)(as-impermeable facers) ........... 2.0 C.id — -‘-30-?:0@ - a2
Clivisr phenaiic :
(closed cel)(CFC-11, CFC-113 &xp.) -ovvvnennn. .e 30 0.12 -— 3.20 _— -—
Cellulsr phanolic
(opencel) ....aatnen. 1.8-22 023 - 340 - -—
Minere! fiber with cesin binder ....vovvvernnns cerne 15.0 .3 —_ 348 -— 0.17
Mincral fiberboard, wet fairnd
Cort 0r 100 iNSuUlaZion . ....ovuverevevioorenanss 16-47 0.34 5 -
Acousticl Tle ... ..coviiniicinnniernenesanas 18.¢ 0.35 -_— .36 - 0.i9
Acousticad tile ... .......... tenssedctrvasssasnn 2.0 G.37 2.70 —
Mineral fiberboard, wet molded
Acoestical slled | e 25.0 0.42. - 232 - 0.14
Waod or cane fiberboarti | .
Ve L DU : X. X 1 -— - 0.80 . 1.28 0.31
Acoustical tilled ... ... vvevnniane e . 0TS B, - - .55 - 1.89
nerior finich (plank, ) .. cocveee.e 15.0 ¢.33 -— 2.86 — 0.32
A Cemons {Toer slebs (shredded wond
with Poriland coment birder ...l cenan 15.27.0 0.20-0.53 - 2.0-1.39 - .
Camnens fiber slats (shredded wood
with magnesia oxysuillde bindee) ................ 2.0 0.57 - 1.93 - 0.3i
Locse Fill
Cellviosic insulaticn (milled paper or
e B T ) P 2.3-3.2 @.270.12 -_— 3.70-3.13 — 0.32
Ferlits, cipanded ............. ceereve cresecareses 2.0-¢.1 6¢.27-0.31 — 3.7-3.3 — 0.28
4.1-7.4 0.31-9.36 a— 3.3-2.9 -
T.4-1i.0 $0.36-0.42 - 2.3-2.4 -
Mineral fiher {rock, slag, or gess)s
SPoror. 3.73-5 iR, cuniiveninnnnneninacnn 0.5-2.9 -— - 11.0 Q.17
approx. §.5~6.75 i%.ceinianen. 0.5~2.0 -_— — i9.0
approx. 7.5-t0ia. ...... Chcarenessacsannnn ciee 0.6-2.0 - -— 22.0
apgrox. 10.2513.7%in............ tesretrsnaan .. 0.5-2.0 — - 100
Miners! fider {rock, slsg, or glase)®
anpinx. 3.5 in. (cloged sidewasl applicarion) ....... 2.0-3.% ~— - - 12.0-14
Vermicullie, exfoiiasad. ... oooveinviiaaioieraieias T7.0-8.2 0.47 -— 2.13 — Q.52
4.0-6.0 Q.44 - 227 —
Masorry Units
Brick, SOMIMON oo vver v reesrrarsnnconnns caen 80 2.2-3.2 - 0.45-0.31 - -_
0 2.7-3.7 - 3.37-0.37 — -
< 100 3.5-4.3 - 0.30-0.23 — -
110 3.5-5.3 - 0.29-C.18 —— -
120 4.4-6.4 - 0.23-0.16 .19
13¢ 5.4-9.0 - C.19-0.11% -~ -
Clay tle, holiow
ar 1 cell & Creeeanenens a -— t‘)g - ?;i“l’ 0.2
ical . — P R - . —
2 oe'bddegp . . - 0.66 - 1.52 -
2 csils dern . Cethreiaae o - 0.54 - 1.2§ —
Jesilideer ... ..., Cereee veevres - - .43 - 2.1 ~—
Jeellsdeep ...l i assacaiaes - - 0.40 - 2.50 —
0 Concrete hiocks"
Limesione ajgreguie
2in., 36 iv, 138 Ib/ft’ concreie, 2cores ..., .. -~ - - - an -
Sente with perlite filled cores - -_ .48 - 2.l -
12 in., $5 1t 133 lb/{t’ concrate, 2 cores .. ... .. - - et - 7 -

Same with perlite filled cores

Jroppy

e —— s,
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Tablz & Typical Thermai Properties of Common Buildiug and [asulating Materizis—Design Vaiues* (Coniinued)
Resisiance ¢(R)
c:‘l"":' Condac- Per inch For thick-
ity tance thickaess  ness listed  §pecific
Deusity, Blu-im. Bu g fdep OF . ftSe iy B
Daseription /i Bof3. F hofele oF Bia-in. Biu o
Norraal weight aggregate (sand and gravel)
8 ia., 33-36 1, 126-134 lb/ft’ concrete, 2 or 3 cores - - 0.90-1.03 - 1.11-0.97 0.2
Seme with perlicg cores . -— - 0.50 -— 2.0 -
with verm. cores -— 0.52.G.73 - 1.92-1.37 -
12 in., 50 fb. 129 Ib/f) concrcte, 2 cores ....... - — .31 - 1.22 0.2
Medium weight aggregate (combinations of normal
weigh. and Ughtweight ag &)
§ in., 26-29 b, 97112 1b/!t corcrete. 2 or 3 cores - - 0.48-0.78 - 1.71-1.28 -
Same with periite filled cores - o 0.27.0.44 - 3723 —
Same with verm, fllled - - 0.30 - 33 -—
Same with molded EPS (bexds) filled cores - - 0.32 - 32 -—
. ne with molded EPS inserts in cores - - 0.37 - 2.7 -
. Ltl:l&mwt aggregate ‘cxpanded shale, clay, slate
or siag,
S in., wu Ib 85-87 1b/1t’ concrete, 2 or 3 cores - - 9.52-0.61 - 1.93-1.69 -
Seme with periite Flled cores . ...covvnnnnen., - . 0.24 -— 4.2 -
Same with verm. fllled cors ........00nnin Ve - - 0.3 —_ kX -
S in., 1922 I, 72.88 &/ft" cdacrete, .......... - - 0.32-0.54 o= 3.2:1.90 0.2t
Same with pertite filled cores -— -— 0.15-0.723 - 6.8<4.4 -
Same with verm:. filled cores - -~ 0.19-0.26 - 5.3-3.9 -
Same with molded EPS (beads) filled cores - — 0.2 -— 4.8 -
Same with UF foata Dlled cores - -— L = 4.5 —_
Same witi: teolded EPS i in cores - - 0.29 -— 3.5 -
12 in., 32-36 1b, 80-90 lb/ copcrete, 2 or 3 cores - - 0.38-0.44 - 2.6-2.3 -
-— - 0.11-0.16 - 9.2-6.3 -
-— -— G.17 = 5.3 -
- 12.50 -— c.08 - 0.19
- - 0.79 —_ 1.26 2.19
- . 0.74 — 1.35
- -— 0.60 -_ 1.67
) MEYALS
(See Chapter 38, Table 3)
ROOFING
Asbestos-vemnent shingles. . .....o.ooviiieiiieionn. 120 -— 4.76 - 0.21 0.24
Asphait roll roofing ........... Ceececestetitasenns 70 - 6.50 - 0.1% 0.36
Asphait shingles ............... frersessasetenn ves 70 -— 2.2 - 0.4 6.30
Bult-up roofing ................. teveeee 0375 in n - 3.0 - LN 0.3%
..................................... 0Sin -— - 20.00 - 0.93 0.30
Woud sitinglés, piain and plastic film faced ......... -— — 1.06 - 9.04 0.3
Spray Applied
Glyurethane fOaM...........oc0veninnnnns vesrnan 1.5-2.% 0.16-0.18 - 6.25-5.56 -
Ureaformaidenyde fosin ........0000nnnnnen vesesee 0.7-1.6 0.22-0.28 — 4.55-31.57 -
Cellulosic fiber ........oo0vvvunn.s tresecsesesnane 3.56.0 0.29-0.34 -— J.45.2.94 -
Glass fiber.......... Cataranassaaaaresrensesntrne 1.54.8 0.26-0.27 -- 3.85-3.7C -
PLASTERING MATERIALS
Cement plaster, sand uggregnie . ..............c.... 116 5.0 -- G.20 e 0.20
BEETCRAIC . ...cvinvnceninninannnn 0378 in - i3.3 - 0.03 0.2¢
Send QEETCEALE ... c.veivnerinniiiiannans 673 s ~ -— €.66 - 0.13% €.20
plaster:
Lightweight aggregate ...... Cetrctanenaen 0.9 in 43 - 3.2 -~ 632
weight 88 gt .........c00. oo ea iE628 in. 45 - 2.67 . 0.39
vaagm agg. ou mw m ..0.2% in - - 213 - 0.47
Perlit aggregste . .ovovuvenicniirennneans cerean 45 1.5 - 0.67 - 0.32
Sund apgreyete ..ol eressterentasenans 108 54 .18 = 0.20
Sand aggregate .......... Cervascrseeasine 0.5 in. 105 - 11.10 - 0.00
Saind agEregate ... iiiiiiiieinan . 0,628 in. 108 -— 9.10 -— 0.1t
Sand aggregate on mea! lath ., ..., . mreren 8.7% in. - - 7.70 - 0.13
Vermiculite 3guiegme. . 43 1.7 - 0.59% ~
MASONRY MATERIALS
Concietey
Coment MOMEr ..oovvt veiinnviinesriane. onnes 108-135 5.0-10.5 - 0.20-0.10 - -—
Gypsuin-fiber concrete §7.5% Eypsum,
12.5% wood Chips .....vovvciennuniinnnnnnns,, b3 ] .66 -— ¢.60 —-— 0.21
Lightweight aggregeces including ex- 120 5.5:11.0 - 0.18-0.09 -— —~—
panded shale, slsy or slae: expanded 100 1,759 - 0.27-0.17 — 0.20
slags; cinders: pumice; vermiculits; 20 2.5.1.8 - 0.40.0.29 - ¢.20
also ceflular concretes (1) 1,6-1.8 - 0.63-0.56 - -~
&0 0.93-1.11 - 1.08-6.90 - —
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Table é Typicnl Therma! Properties of Common Building and lnmlatl_n! Materials-~Design Yalues* (Concludcd)

Resistange (R}

c‘“'id":' Conduc- Per inch For thick.
tvity tance thickness ness listed Specific
k), (€) (1/%), (/e), ,".?,.
Denxsity, _Bu-in, Btu Fofien F.ofid. " Bru
Bescripiion Ib/td a-fé. 0¥ heftd. oF Bia-in. Bru T
30 0.73-0.94 — 1.33-1.10 -— 6.20
) N 0.63-0.83 - 1.59-1.20 -— -
Perlite, expanded ......... tiessenenen cenann vaeens 5 1.3-1.8 -— 0.71-0.56 - -
) 0.93 - 1.08 — 0.10
30 0.7 — 1.4} — —
20 0.53 -— 2.0 - 0.32
Sand and gravel or sionc a aze
(oven dn‘:l) Ceeeeivaan m‘ ................... ‘140 8.016.0 - 0.13-0.05 - 0.18-0.22
Sand and vei or sicne Wc
(not am'f)' T 140 10.0-20.0 - 0.10-0.05 -_ 0.19.0.24
U0 . .. i, 116 5.0 - .39 — -
SIDING MATERIALS (on it sarface)
Shingles
ASHESTOS-cOment .. ..oo.ionnns venasua cesveseras 12e — 4.75 - 0.21
Vocd, 1€ ., 7.5 exposure ... ... ... - -— 1.13 - 0.87 6.31
Wood. double, 16-in., 12-0. eXpoOsUre. .......... . — .= 0.54 - 1.i19 0.2%
u}t.:,wd' pluz iasui. backer board, 0.2128 in. ....... -— - .71 - 1.40 0.21
< '
Asbestos-cemens, 0.25 in., lapped ... cesaee seenns e - 4.76 - .21 0.24
Asphalt roll siding ... ... ihiieeneeaanan, cvere - - 6.50 .= 0.15 0.25
Asphalt insulating siding (0 3 in. ‘bed. OO -— - 0.69 - 1.46 0.35
Herdboard siding, 0.4375 . coveaieieenens — - i 49 -~ 0.67 0.28
Wood.dmp Tby&im..... -— -— 1.27 - 0.79 0.28
Wood, bewel, 0.5 by § in., lapped ..... teeeeennn -— _— 1.23 - 0.81 0.28
Wood, bevel, 0,75 ty M in., lapped . ............ - —_ C.9% < 1.08 0.28
Wood, plyvood 0.375 im., lapped .............e -— - 1.59 —_ 0.59 0.29
Alurainum or Steel!, over sheathing
Holiow-backed: ........ tesereasreras - - 1.6t - 0.61 9,29
insulating-board backed aominal
L1 /. 2 T T - -~ 0.55 - 1.32 0.32
lmng board backed nominal
0.378 in., foil basked.......... Crentveennan 0.34 2.96
Architectural gless ... oot e -— — 10.00 -~ 0.10 0.20
WOODS (12% Moisture Conient) -2
Hardwoods ¢.39°
Oak......... eeeseseenatetetssevearnnrae 4].2.-44.8 1.12-1.28 -— 0.8-0.80 -
Birch......ooovavannn vernvasnacserenna cevanran 42.6-48.4 1.16-1.2 -— 0.87-0.32 -—
Maple.............. tebeensestmrenats 39.3-48.0 Lo-1.19 — 0.92-0.84 -
A e, vesroraanns seresessrersese 38,8419 i.06-1.14 - 0.54-0.88 -
Softweods 0.39"
Southem Pine .........00vuveens eresesaaae eee 3%.641.2 1.00-1.12 - 1.00-0.89 -
Dougias Fir-Larch .........c.0ceiicenrenacnnnas 33.5-36.3 G.95-1.0% e 1.06-0.99 —_
Southern Cypress ........ . 31.4.32.1 0.90-0.92 e l.ll‘-l.ﬂv -
Hem-Fir, Spruce-Piac-Fir .. . 24.5-31.4 0.74-9.90 - 1,35-1.11 -
West Coast Woods, Cednrs ...........c.cuceens 21714 (.68-2.90 -— 1.48-1.11 -—
California Redwood . ..............cc00vinnaann. 14.5.28.0 0.74.5.82 - 1.35-1.22 -—

&Values sre for 3 ean (emperature of 75°F, Representative values for dry
materiale are intended us design (not apecificaticn) values for materials in nor-
mal use, Thermal velues of insulating materiais muy differ from design vaiues
depending on their in-situ pioparties (¢.g.. density and poisturs content, orien.
istion, €1c.) and variability experienced during rasnulacture. For propurties of
» particulsr product, use the value supplied by the menuiasturer or by unbiased
tess,

¥To obtain thermal conductivities in Btu/h- N+ °F, divide 1t k-factor by
12 im. /it

Rugistance vaives are the reciprocals of € bafore reunding off C 1o two
decimal piaces.

It cwis (1967).

€4.5. Departmesit of Agriculture (1274},

Does not inctude peper backing and fecing, if asiy, Where insu'ation (orms
8 boundary (reflective or otherwise) of an iirspace. sex Tables 2 and 3 for the
insulniing vaive o an asirspece with the appropriate effeciive emittance and
umperciure conditions of the space.

$Cordoctivity varies with fiber diameter. (See Chapier 20, “*Factors that Af-
fext Thevmal Performance.’”) Batt, blankei, snd lcose-fil mineral fiber insula-
tions are manufactured to uchieve specified R-values, the ;05 common of which
ate listed in the 1zbie. Due 10 difierences «n manufaciuring processes and maicnials,
the product thicknesses, densities, and theine! conductvities vary over con-
siderable ronges (of a specified R-vsiue,

WZor additional information. see Society of Plustics Engineers (SP1) Bulletin
UM, Values are tor aged, uniaced hoard sieck. For change in conductivity with

agt of expanded polyurethane/poivisouyanurase, sce Chapter 20, “*Factors that
Affect Themal Performance.”

ivalues are for aged products with gas-impermsabie facers on the two major
sutfaces. An sluminum foil facer of 0,001 in. thickness or greater is generally
considered impermeable to gases. For chanpe in condnetivity with age af expanded
polyisacyanursse. soe Chapter 20, **Factors thet Affeci Thermal Performance,””
sad SP! Bulletin U108,

lingulating valves of acoustical tile vary, depending on density of the board
and on type, size. and depth of periGrations.

kyaiues for fully grouted block may be approximated usicg values for con-
crese with 2 similar unit wsight.

Ivalues for mal sixiing applied over flai surfaces vary widsly, depending on
amnount of veusilation of airipace beneath the siding; whecher airspace & refiec-
tive of nonreflective; and on thickness, type, and appilication of insulazing backing-
board used. Values given are averages for uze as desiyn guides, and were oban-
ed from several guarded hot box tests (ASTM C36) or calibrated hot box (ASTM
C976) on hollow-backed types and typss made vsing backing-boards of wood
fiber, foamed plastic, and glass fiber. Departures of = 30% oc more from the
values giver: may occur.

MSee Adaras (1971), MscLean (1941). ardd Wilkza (1979). The conduciivity
values listed cre (or heat transfer across (ne groen, The raimal conductivity of
-w00d varies lineazly with the Jdensity and ihe density ranges listed are those nor-
mully found for the wood species given. If the density of the wood species is not
xnown, use the mean conductivity value, For extrapolauon (c other moisture
coients, tie following empirical equation Jevelaped by Wilkes (1979) may be
uset;

4

~
&
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Tehiz ¢ Footnotes (Concluded’)

€ w009 o+ LN x 1077 4 2753 % 1074M)p
1 + 0.6iM
whiers 2 is derity besss om aven<try mass in 15/0) sud W Is the motsure con-
tent in porcen:.
SFrcm Admms (1971), an smpivical aquation (or the spatific heat of meist ward
nt 79T is &3 (ollows: .

¢y o 0399 £ 0O0IM) L 4
{1 + 0.01M)
where A, sccounts for the heat of sorption and is denoted by
Ar, » M (1,921 x 167% -2168 x 107 )
where M is the moisture contant in pereent by iass.

2 ' / / ¢ ‘,
}— 0.020in. '

1 2 3 4 1.

Fig. ¢ Insulated Steel Frame Waul (Example 3)

The Zone Method of Calculation

For structures with widely spaced metal members of substan-
tial cross-scctionel area, calculation by the isothermal nixnes
method can result in “hermal resistaince vajues that ate too low. For
these constructions, the Zone Method can be used. This method
involves two saparate computations-——one for a chosen limited
portion, Zone A, conteining the highly conductive element; the
other for the remaining portion of simpler construction, Zone B.
The two computazions sre then combined using the parallet flow
method, and rhe aversge transmiittance per unit oversil area is
calculazed. The basic laws of heat transfer are applied by addiug
the area conductances, CA, of clements in paraliel, and sdding
area resiscances, R/A, of elements in series,

The surface share of Zene A is determuned by the mets! ele-
ment. For a meta] beam {see Figure 5), the Zonc A surfacs is 2 strip
of width Wtb<=: is centzead on the beam. For a rod perpendicular
to panel sucfaces, it i3 a circle of diameter W, The value of W is
eaculssad fiom Equation (1), which is empirical. The value of d
shovid 3ot be less than 0.5 in. for still air,

Wamas+2u 0))

F"‘t'rm

m = widih or dizcreter o the metal heat puth terminal, ia.

d = distance from panst susiace to metal, in.

Generally, the valuc of W sheuld be calculaved using Eqcation (1)
for each end of che metal et pach; the larger value, within the
Lisnits of the basic area, should be used as illustrated in Example 4.

Twmple 4. Calcitlate transmitiatics of (he roof deck shown in Figure
3. Teu-bars a1 24 in. OC support glass fiber imm boards, gypsum conrcres,
and buili-up roofing. Conductivities ¢f compsacnus are; steel, 314.4
Htus in./h- {3-°F; gypaum concrere, 1.64 Biu-in/h- ft% *F; and giass
fiber form board, ¢.25 Biuein./he (t%-°F. Conducance of built-up roof-
tug is J.00 Btu/i- fe*F,

Solution: Thve Basic areais 2 it? (24 in, by 12 in .} with a wee-har (1 2-in.
tang) across the middle. This area is divided o Zoner + and B.

Ao ernaromee SARIC AREA @ 31 e

[ - -y
LT I R
el [ y . b
by 2066 8 JZOPEL| ZONE B TR
[ 'y ; . ;

[}

| | ! i ' ’ 101/
q it i H R
L AN i
t ! . e
o, ™ VSAoa T~ NN T o S
BADONNNNNNZZA NN Y
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P AR,
- m e
'/:—"J. ) 0,202
P 0 ©.302
* 2 ° 0.302
L
'." 3 wes2 o230
.‘. 4 0010  Q.292
a 2A8T [}
T AR [} 0.302
-
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Fig. 8§ Gyssum Roof Deck on Buld Tees (Examyle 4)

Zane A is determined from Equation | as follows:

Topside W = m + 2 = 0625 + (2 % 1.5) » 3.625in,
gouomside W = 51 - 27 = 2.0 « {2 x 0.5) = 3.0in.
Using the larger valuz of W, the area of Zone 4 is (12 x 31.629)/144 =
0.212 ftd. The ares of Zon: Bis 2.0 - 0.302 = 1,658 &<,

“fo deserrsine ares transmitiance for Zonze A, divide the siructure withia
the zone inso (ive sections paratlel ro the Wi and bostom suriaces (Figure
5), The rrea consdurtance, C.A4, of cdch section is coleulated by adding the
arez conductances of its metal and nonmetal pathz, Avea conductaiices
of tize sections arc converted Lo ares resistancss, R/A4, and added 1o ob-
tain sire iotal resisiznce nf Zone 4.

1 &
L IR [
Section Awms X Conductacce « C4 CA A
Air (outside, {5 $.302 x 6.00 1.81 0.55
mph)
Ho. 1, Rocfing 0302 = 10 0.906 116G
Ne. 2. Cypaum 0.302 « 1.68/1.128 0.446 2.34
cencrate
No. 3, Steel 0.052 x 314.4:0.825 6.2 0.04
MNa. 3, Gypsuin 0.350 x 1.66/0.428 0.664 iy
concrete
Ny 4, Steel 0010 > 314.4/100 3¢
No. 4, Glags 0.3
fiberboard 0.292 » 0.25/1.00 0.073
e, § Strel 0.167 x 314.4/9.129 420.0 0.002
Air {inside; 0.302 x 1.61 G.492 2,03

Toral R/A = 6,27

@
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Ares tranuriaance of Zong 4 = J{E/A) = 1/627 = 0,139,
For Zone §, the onit vesistanozs sre added and thes converted to area

Section Resistance, R
Alx (outside, 15 miph) 1600 =017
Rooflng 1/3.00 = 0.33
Gypsum coneonte 1.78/1.66 = 138
Glaty Noerboard 1.00/0.25 = 4.00
Alr (laside) 1/1.63 = 0.61
Total recistance - .15
Since unit ransmittance = 1/R = 0.162, the (otal ares transmittance,
VA, is calculated as follows:
Zone B = 1.698 x 0.162 = 0.275
Zone A = . 0159

Tbnluummnunceofbu:cm = 0.434
Transmittance per fid = 0.434/20 = 0217
Resiscance per ft* = 4.61

Overzli R-values of 4.57 and 4.35 °F- 13- /5 have been measured in
two guarded fsot box tests of a similar construction.

When the steel member represens a relatively larze proporticn
of the tozal heat flow path, 2« in Example 4, detailed calculations
of resistance in sactions 3, 4, and 3 of Zone A are unnecesszry; if
unly the steel member is considere, the final result of Example
4 is the same. However, if the heat flow path represented by the

steei rmember is smal), as for a tie rod, detailed calculations for sec-
tions 3, 4, and 5 aze necessary. A pane! wwith an internal metallic
structure and honded on one or both sides to 2 metal skin or cover-
ing, presenits special problems of lateral heat flow not Sovered in
the zone method.

Ceilings and Roofs

‘The overail R-value for ceilings of wood frame flat roof's can be
calculated using Equations (1) through (5) from Chapter 20. Pro-
perties of the materials are found in Tables 1, 2, 3, and 4, The fras-
ticn of framing is assumed to be 0.10 for joists at 16 in. CC and
0.07 for joists 2t 24 in. OC. The calculation procedure is similar
to that sliown in Example L. Note that if the ceiling contains plane
airspaces (sec Table 2), the resistance depends on the direction of
heat flow, ie., whether the caiculation is for a wincer (heat flow
up) or suiamer (heat flow down) condition.

For ceilings of pitched roofs under winter conditions, calculate
the R-value of the ceiling using the procecdiure for flat roofs. The
heat loss irom chese ceiiings can be obtained using a calculate~ at-
tic tesnperature (see Chapter 25). Table S can be used todewr  .aine
the effective resistance of the attic space under summer conc. ..ns
for varying conditions of ventilstior: air temperature, airflow
direction and rarzs, ceiling resisiance, roof or sol-air temperatures,
and surface emittances (Joy 1958).

Tablk: § Effective Thermal Resistance of Ventilated! Attics* (Summer Cendition)
PART A. NONREYLECTIVE SURFACES

Power Vourllntion®

No Ventiladon® Nawmral Vemilution
Veatiizsion Fate. ofm/f*
] 9.1¢ 0.5 1.0 1.5
Ventilation Sol-Alrf Ceiling Resistance, 2°, ¥+ it°-%/Bt
Alr Temp., °F Temp., °F 10 20 0 20 10 20 1) 20 10 20

120 1.0 1.9 2.8 3.4 6.3 9.3 9.6 16 it 2
%0 140 1.9 1.9 2.8 3.8 6.5 10 93 i7 12 21

160 1.9 1.9 2.8 3.6 8.7 1 10 18 13 n

i20 1.9 1.9 2.5 3.8 4.8 6.7 6.1 10 - 6.9 13
% 140 19 1.9 2.6 il 5.2 7.9 1.6 12 3.6 15

160 1.9 1.9 2.7 3.4 5.8 2.0 8.3 14 10 17

120 1.9 i.e 2.2 2.3 3.3 4.4 4.0 6.0 4.1 6.9
100 140 1.9 1.9 24 2 4.2 6.} 3.8 8.7 6.5 10

160 1.9 1.9 2.6 3.2 5.0 7.4 7.2 1 3.3 13

PART E. REFLECTIVE SURFACESS

120 6.8 6.8 8.1 8.3 13 .17 17 25 15 0
0 140 6.5 6.$ 02 9. 14 18 1] 2% n b3}

160 6.5 6.5 2.3 ».2 15 18 » ” 21 32

120 6.5 6.5 7.8 8.0 I 13 12 17 i3 19
90 140 6.5 6.5 7.7 8.3 12 15 14 20 16 2

160 6.3 6.5 7.9 8.6 13 1$ % 2 18 i)

120 6.5 6.5 1.0 7.4 2.0 10 8.5 2 8.8 12
100 140 6.5 6.5 7.3 7.8 10 12 1l 15 12 16

160 6.5 6.5 1.6 8.2 i 14 13 18 13 20

2Alihough the tenn effective resistance it commohly used when there is attic
ventilation, this wtable incudes values for siwustions with no veatilation. The ef-
fectiva resistance of the artic, added to ta2 resistauce (1/0) of the ceiling yield:
the effective resistance of this combinzsion based on sol-air (see Chapter 26) 2.ad
ryom temperatures. These values upply to wood frame congiruction with = rocl
Mmdmﬂn. that has a coiductance of 1.0 Biush - fis-°F.

conditica cannot be achieved in the field uniess extreme masures are

ke to tighily seal the attic,

“Based on air discharging outward from arttic.

‘whea attic ventitation meets the requirements stited ia Chapter 23, 0.1
cfm/N? is zssumed as the natzral summer venulauion rate (0% design purposes,

¢When determining ceiling resistance, do net add the eifect of & reflective sur-
face facing the attic, at it is accounted for wn Tabie 5, Part 8,

'"Roof surface temperature rather thas soisair temperature (537 Chapier 26) can
be used if 0.25 is subtracted (rom the actic resisteace shown,

SSurfaces with effective emutance £ ot 0.05 between ceining joists facing the

alic space.
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Table 6 Transmisslon Coefliclents () Yor Wood and Steei Doors. Biu/h 1t -7F
Nevdas!
Deoar No Wood Meal
Thickanss, Stonn Storm Storm
= Dascription Doar Doow Dooré
Weat Deary> * .
1-3/% Panel door with 7/16-in. paaels® 0.57 0.33 U 1
1-3/8 Hollow cocs flusi: door 0.47 0.30 0.22
-3/% Solid core flush door Q.39 0.26 0.2
1-3/4 Panel door with 7/16-in. panciss 9.27 0.3 0.36
1-3/4 Hollow core fluih door 0.45 0.2% 0.32
1374 Panei door with {-i./8-in. pancls* 0.1 .28 0.28
1-3/4 Solid core flush door .35 0.28 G.2%
2174 Solid core flush door 0.27 0.20 0.21
Stesl Doory?
ie3/4 Fibergiass or utinera! woo! core with
sieel siiffeners. no thermal breaic’ 0.60 - -
1-378 Paper honeycomb core without therma! brezk! 0.58 - -
3-M4 Solid ureshane foam core without thermal break?® 0.40 -~ —
3.3/4 Solid fire rated sminernl berboard core withous
thermael bresk’ 0.38 - -
1-3/4 Poiysyrens core without thermal break (18 gage
sommersinl sed)’ 0.38 - -
1-3/4 Polyatyrenc core withou? thermal break (18 gaze
- comunereial sty 0.14 - -
1-3/74 Polyurshens cors withous thermal break (18 mage
sommwercial steel)’ 0.29 - -
1-3/4 Paiyurethane core without therms] break (24 gage
exumerciui sieal)f 0.29 - -
1-3/74 Pciyurethane core with therma! break and weod
penimeter (34 gage rasicientiai steelt’ 0.20 - —
1-3/4 Solid urethine foam core with thermal break? 0.19 0.i6 0.17

Nate: Al UJactors for oxcrine doors in this table wre for doors with ne gisz-
fmg, o £Or the storm doors which are in zddition (0 e maiis exirior door.
Any pating L3a in exterior doors should D included with the approprisse: glass
t7pe s dslyyed (see Chapure 7). laterpolation and moverixe extrapoalation
e porIediias Yor door thickresses ather than thoe cpccifiod,

SValues sre based on 2 nominal 32 by $C in. door size with 0 giasing.

The R-vaiue is the total resistance obtined by adding the ceii-
ing anid effacrive attic resistances. The applicable temperature dif-
ference is thae difference between room sir and sol-gir
i=mperitures cr between ro0m air and roof temperatures (see
Table §, footnoie f). Table 5 can be used for pitched aud flac
residiotial roofs over attic spaces. When an atric has a floor, the
ceiling resistance shiould account for the complete ceiling-flour
constrection.

‘Windows sud Doocs

The U-factors given i Table 13 of Chapter 27 are for vertical
glazing (e.g.. windows, glass in exterior doors, giass doors, and
skylights). The values were computed using procedures outlined
in Chapter 27. The U-factors in Table 6 are for =tterior wood ard
steed doors. The values given for wood doors were: calculated, and
thase for steel doors were taken from Lot box tests (Satine er al.
1975; Yellott 1965) or from manufacturers’ test reports. An out-
dour surface conductance of 6.0 Btu/h- ft2-*F was used, and the
irdoor surface conductance was iaken as 1.46 Bia/h- ft3+°F for
vertical surfaces with horizonta! heat flow. All values given are for
exterior doors without glazing. If an exterior door contains glaz-
ing, the glazing should be analyzed as & window, as illustrated ia
Examplie 5.

Example S. Determine the U-factor of a wood frame residentis! win-
dow containing double insulating glass with 6.5-in. airspace for winter
conditions.

Seiution: From Chapier 27, Table 13, the U-factor of the seuter of the
glass portion only is 0.49 Btu/h- f2=-*F. The wood frame 9f the window

8Qutside sir corditions: |5 mph wind speed, 0°F air temperature; insice air
conditions: natursi convectioa, 70°F air temperssure.

€Values for wocd storm door are for approximately 0% giuss ares.

4Valye: for metal storm door are for any prrcent giass aves.

255% punel aren.

fASTM C 2¢ haaeox dats on » somias! 3 by 7 ft door ze with o glazing.

alz= must be considercd when dererriining the window U-(actor. Refer.
ring to Table 13 in Chaprer 27, for a wood franie window of Product Size
R (sez Figure 7 in Chapter 27), the U-facidr is also given as C.49
Biu/h- ft=-°F. .

All R-values are approximate, since 2 significant poition of the
resistance of a window or doar is contained in the air film
resistances, and somie pacameters tha: mey have intportant effects
are not considered. For example, the fisted U-factors assume the
surface temperatures of surrounding bodies are equal t¢ the am-
bient air teznperature. However, the indoor surface of a window
or door in an actual installation muy be exposed 10 nearby
radiating surfaces, such as radisni-heating panels, or opposite
wails with much higher or lower temperatures than the indocor air.
Air movement across the indoor suriace of a window or deor, such
as that caused by nearby heating and cooling outlet grilies, in-
creases the U-factor; and air movement (wind) acress the ourisor
surface of a window or door alsa increases the 1. fastor.

For windows tha:. art sloped or horizontal, Chaprer 27 gives a
U-factor conversion table (see Table 13 Part B). Values for the ver-
tical (90° slope) urientation, such as those shown in Part A of
Takie 13, are copverted to sioped (43 *) and horizonial (0% orien-
rations. Since daia are presenied mily for weyrical, horizontal, and
45-degree-sioped gluzing, the orientation tha: most closely an-
proximates the application condition showld be used.

U, Concepy

In Section 4 of ASHRAE Siencard 904-1980, “Energy Con-
servation in New Building Design,” requiremenss are stated in

9®
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verms of &/, where U, is the combined thermal transmitranice of

13 Noor assemblies. The U, equation for a wall is as foilows:
Us = (Ui A + Vritrs Avingon+ Voo Aan)A , o))
where

U, = swrage thermal rensittance of the gross wall area
A, = gross aves of axterior walls
Uy = thermal transminance of all elements of the opaque well ares
Ay ™ OPuc wall a7ea '
Uingow = chermal transmistancs of the window avea (inciuding fran:e)
A windew = Window areg (including trame)
Vecor = Lzrmal transmittance of the door zres
A zoer = door ares

ée respective areas of gross extericr wall, oof or ceiling or bock,

Where iiore thau one type of wail, window, or dooy is used, the
U/A term for that exposure should be expanded into its sub-
elemerits, as shown in Equation (3).

(J.A. = Udll't-iﬂl + Umztﬁ.‘: L BCRRI U,.,”m.A.wm
+'U‘|A :l*ULxA'\zi"'"
+ U&‘.‘ﬁ'!AI"hl + UMIAMI
* Uppor 3440wz + * 7 + UssaroAigers &)

Exsunple 6. Calcuiste U, for 2 wall 30 &t by 8 Tt, constructed as in Ex-
ampie 1. The wall contins ore window 6D i1, by 34 in. and a zecond win-
dow 36 in. by 30in. Both windor.s2 ave constructed as in Example 5. The
wall also containg a 1.75-in. solid core flush door with a metal storm door
34 in. by 80 in. {{/ = 0.2% Bwu/h- {t*+°F fivim Table 6).

Solution: The U-factors for the wall and windows were obtained in Ex-
amples | and 5, vespeciively. The aras of the different eomponents are:

22.13

Avungow = (650 X 34) + {26 % 10)/144 w 217 f°
Acoor = (34 x 80)/144 = 18.9 &
Agy = (30 % 8) = (21.74+18.9) = 199.4 i
Therefore, the combined thermal transmitiance for the «ail s;
U, = CT3x199 + (0.49) (3;1’%.1.";&& x13.9)
= 0.13 Drush: fi-°F :

Slab-gn-Grade and Below-Grade Coustruction

YHeat transfer through basement walls and floors to the ground
depends on the foliowing factors; (1) the difference between the
air temperature withirn the room and that of the ground and out-
side air, (2) the material of the walls or floor, and (1) the thermal
conductivity of the surrcunding carth, The latter varics with loeal
conditions and is usually unknown, Bazause of the great thiermal
inerria of the srounding soil, ground temperature varies with
depth, and there is a substantial time lag between changes in out-
door air temperatures and corresporndisg changes in ground
temperacures. As a result, ground-coupled heat trangfer is less
amenadle 10 sieady-stare representaiion than abgve-giade building
elemeats. However, several simplified procedures for estimating
ground-coupled heat transfer have been developed. These fell into
nwo principai categories: (1) those that reduce the ground heat
transfer prodiem 1o a closed-form solutina, and (2) those tha: use
simpie regression equazions developed from statisticaily ceduced
multidimensional transient analyscs.

Closed-form: solutions, including the ASHRAE arc-length pro-
cedure discussed in Chapter 25 by Latta and Boileau (1569),
generally reduce the problem to one-dimensional, sicady-state
teat transfer. These procedures use simple, “eifective”™ U-factore

Table 7 Typical Water Yapor Permexnce and Permenbility Values for Common Building Maierials®

Thickness, Permeance, Resistance®.  Permeability, Resisitnce/in.”,
Material n. Perm Rep Perm.in. Rep.in.
Coastreciion Materials
Conerere (1:2:4 mix) 3.2 0.3!
Brick masenry 4 0.8 1.3
Cuencreie block (cored, limestone aggregz:e) ] 2.¥ 0.4
Tile musonry, giaad & 0.12f 83
Asbestos cement hoard 0.12 4-§4 0.1-0.2
With oil-base flnishes 0.3-0.5¢ 23
Pizster on mezal lath 0.75 18 0.067
Plaster on wood iath 11¢ 9.091
Plaster on plain gypsum lath (with studs) 201 0.050
Cypsum wall boary (plain) 0.375 sof 0.020
Gypsum sneathing (vspaelt impreg.) 0.5 20d 0.05¢C
Structure! insulaiing board (3heathing qund.) 20-501 £.350-0.020
Strucrural insulating board (interior, uncoated} Q.5 50-99¢ 0.020.0.011
Hardboard (stasdard) 0.125 e 0.091
Hurdbonrd (tempered) 0.125 st 0.2
Built-up roofiag (hot mopped) 0.0
Woaod, sugar pine 0.4-5.400 2.5.0.19
Plywoad (douglas fir, exierior glue) ¢.25 0.7 Y
Plywood (douglas fir, interior glue) 0.2 1.9 0.33
Actylic, glass fiver reinforced sheet 0.058 0.]129 £.3
Polyesier, glass fiber m-in{nrced sheet 0.048 0.05¢ 20
Thernal Iusuiniions
Air {silh 1200 0.0083
Cellular glass o o
Corkboard 2.1.2.6¢ 0.43-0.18
9.5 an
S Mineral wool {unprowesied) 11¢° 0.0036
W% Expanded polyurestiane {R-1% blown; board stock 0.4-1.0¢ .540.62
Expanded polystyrene—-guirused 1.2 0.83
Expanded polystyrene-~tieast 2.0-5.8¢9 0.59-0.17
Pherolic foarn {cavering removed) 26 0.638
0.02-0.154 50-4.7

Unicellular synthetic ficribie rubber foam
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™ Tadle 7 Typical Water Vepor Fermennce and Purmenbllity Values for Common Buildiag Materials* (Concluded)
- Parmesuce, Reshuiance®
\ Weight, Zerms Rep
r | Matgrial 12/100 t2  Dry-Cup Wot-Cup  Other Dry-Cup  Wet-Cup Other
Plastiz and Metal Foils and 5Mws*
Aluminum (oil . G.001 0.0¢ ®» D
Aluniinum foil 0.00035 0.03¢ 20
Polysthylene 0.002 0.143 6.3 3100
Polyethylene G.004 0.08¢ 12.5 300
Polyethyiens €.006 0,064 17 300
Palyethylene 0.008 0.0%4 25 I
Polyethylens 0.010 0.034 n nod
Polyvinvichioside, usplasticizad 9.002 0.68¢ 1.5
Polyvinyichloride, plasticized - 0.004 0.8-1,44 1.3-0.72
FPolyester 03.00! 0.73¢ 1.4
Polyester 0.0032 0.23¢ 4.3
Polyester 0.0076 0.08¢ 12.5
Cellulose acerate G.01 4,49 0.2
Cofiniose acetate 0.i28 0.32¢ 3.4
Buildiag popar, ie'ts, 700flng paperys .
Duplex shert, agphai: leminared, alumiaum foil
one side 3.6 06.002 0.176 500 5.8
Saturated and coaied rall roofing as 0.05 024 20 4.2
Kraft paper and eipbait laminsted, raiuforeed
30-120-30 6.3 0.3 i.k 13 0.55
Blanket thesm- ' sulation boack-up peper,
asphalt coetcn 6.2 6.4 0.6-4.2 .5 1.7-0.24
Asphaitsnrurated and comied vapor resavder paper 8.6 0.3-0.3 0.6 5.0-3.3 1.7
Ashpbal-suurared bu: ao: coeted sheathing raper &4 3.3 20.2 0.3 0.05
1S~ saphak Seoit 14 1.0 3.6 i.0 0.18
150b tay (et | I 4.0 8.2 9.28 0.055
Single-knufi, double 3.2 3n 42 0.932 0.02¢
Liquid-Anolled Coating Materinks Thickness, in.
Commoreinl latex paints (dry fiim thickness)*
Yapor towrda pain” 0.6031 0.42 .22
Prinaersasinr 9.00i2 6.28 .16
Viay! acemre/acrylic primer 0.002 742 013
Vinylserylie prin Q.0016 8.6% 9.12
Semi-gloss vin . iU ciamel 0.0024 6.48! 0.15
Exterior scrviic wnd nim 0.0017 $.47 0.58
Paint-2 coars
Asphalt pain: oo | od 0.4 2.8
Aluniagum vamisk ... wood A9.36.5 3.3-290
Enwsruels on sinonth plaster 0.5-1.8 2.0-0.66
Primers and sealets orn interior insulation board 0.9-2.1 1.1-0.48
Various primers plus 1 & .« flat ail pasal on plaster 1.6-3.0 0.63-0.33
Flst paint or: interior i ation bosrd 4 0.28
Water emulsion on ipivoor irqulstion bowrd 30-8¢ 2.03-0.012
Waight, oz/ft?
Paint-} coats
Exterior paing, white lead and ¢il on woad siding 0.3-1.0 3.3%10
Exterior paint, wiiite I2ad-#ine oxikie and oil on waod 0.9 i.1
Styrens-butadiene iat=x coming 2 i .09
Potyvinyl acetate Iatex nosting 4 5.3 0.18
Chiorosulfonated polyethyiens mastic 3.3 1.7 0.3%
7.0 0.06 16
Asphalt cut-byck mastic, 1/16 ia., dry 0.ie 7.2
3/16 in., dry 0.0 -
Hot melk aspndit 2 0.3 2
3.5 21 10

i table permits comparisons of materials; bux in the ceiection of vapdy
rewrder ST AL, ey vRhues for Denmeance oY permeability shouid b obtsined
Troms ths syasafacwut.y of (rom laboraiory tems. The values thewn indicate varia-
nons ameap ean valuern 16y mnartiisls tba are similar but of OifVzien cmsity,
enluica, M, o sgurce. The vilats should nat be used &s design or specifica.
ton dac2. Vakies fOim dry<up and satcup methods were usunlly obtained from
invesugsiions using ASTM Ed and CI55; values thows under cthers were ob-
wntd by two-tempersrure, spacinl oxtl, and zir veloaity metnods. Permeancs,
resniunct, perracability, and resiitance per ums tckacas valnes are Siven in the

following umits:
Mymvance Perm m g/l ﬂ'-{n Hg
Henyranoe Rep = i, H!"l *Ngr
Pernveairlicy Purm.in, = gr/hefet - (in, HG/ N

Resisianvcesunst thwkness Seprin, = i, My » its - hsgnidin,

'Depem\inu on consruction and direction of vapor flow,

SUwusily tnstaibad 28 vapor revarders, sthough sometimes used a3 exterivar Mnish
and elsewhere near cold side. whers special considerations are 1hen regiired for
warw iide burrier effevrivensss,

= Ory<up mathod.

fWet-cup methiod.

Otlier than dry- o7 weicup melhod.

fLow permezunce sheets uieG as vapor reiarders, Nigh permeance used
clsewhers in construction,

Resistance and resistonce’in. values have been caicwiated as the reciprocs!
of the permensce and pernseaiiisy valws.,

"Cast ai 10 miils o¥ei 1ilm thickness.
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or ground temperatuses or both. Methods differ in the various
pRrameters averaged or manipulated o obtain these effective
values. Closed-form solutions provide acceptable results in
climates thas hiave a single dominant season, because the domi-
RAant season persists long enough to permit a reasonable approx-
imarion ol steady-state conditions at shallow deprhs. The largs er-
rors (perveutage) that are likely during transition seasons should
not seriously affect building design decisicns, since these heat
flows are relatively insignificant when compared with those of the
principal sesson. .

The ASHRAE sre-length procedure is a reliable method for
wall heat losses in cold wincer climages. Chapeer 28 discusses a
slab-on-grade floor model deveioped by one scudy. Although both
procedures give results comparable to transient computer solu-
tions for cold climates, their results for warmer LS, climates differ
substantially.

Research conducted by Hougten e« al. (1942) and Dill et al. (1945)
indicates & heat flow of approximautely 2.0 Btu/h- ft* throngh an
uninsylated conene basetnznt floor with a teniperaiure difference
of 20°F between the basement floor and ¢he air 6 in. above the
floor. A U-factor of C.15 Bwu/h - ft-*F is sometimes used for con-
crete basement floors on the ground., For basement walls below
grade, the temperature differerice for winter design conditions is
greater chan for the foot. Test results indicare tha: at the midheight
of the befow-grade portion of the beserent wall, the unit area hea:
loss is approximarely twice that of the floor.

For ¢concrete sieb floors in contast with the ground at grade
level, vests indicate that for small floor areas (2qual to that of 3 25
Jy 235 ft house) the heat loss can be calculated as proporziona! to
the length of exposcd edge rather than total area. This smounrs
16 0.8] Btuh per liear ft of expcred edye per *F difference bet-
ween the indoor air temperature and :he average outdoor air
temperature This value can be reduced appreciably by installing
insulation under the ground siab ans along the edge berween the
floor and aburting walls. In most calculasions, if the perimeter luss
is calcuiated accurately, no other fiuor losses need to Se con-
sidered. Chapter 25 concins data for Ioad calculations and heat
loss values; for below-grade walls and floors at different depths.

The second category of simrplified procedures uses transien:
twe-dimensional computer models to generate the ground heat
trensior data that are then reduced 10 compact form by regrassion
analysis (see Mitalzs 1982 and 1983, Shipp 1983). The:s are the
most accutate procedures available, but the database is very ex-
pensive 0 generace. In addicion, these methods are limited to the
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Fig. 6 Surface Resistance as 2 Function of Heat Transmission
for Flat and Cylindrical Surfaces
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range of climites and consrructions specifically examined. Ex-
trapolating beyond tive auter bounds of the regression surfaces can
produge significant errors.

Water Yapor Transmission Dsta for Building Components

Tahle 7 zives typiczl water vapor permeance and permeability
vaijues for commaon building materials. These values can be used
1o calculate water vapor flow through building components and
assemblies using Equarions (2) and (3) in Chapter 21,

MECHANICAL AND INDUSTRIAL SYSTEMS

Thermal Transmission Data

Table 8 lis's the tiermal conductivities of various materials used
as industriai insulations. These values are functions of the
arithmetic mean of the temperatures of the inner and outer sur-
faces for each insulation.

Heat Loss From Plpes and Flus Surfaces

Tables 94, 9B, and 10 give heat losses from bare steel pipes and
flat surfaces and bare copper tubes. These tables were calculated
using ASTM Standurd C 680, “Praciice for Determination of
Hesi Gain or Loss and the Surface Teraperature of Insulatend Pipe
and Equipruent Systems by the Use of a Computer Program.”
Ulser inpits {or these programs iuciude operating temperature, arn-
bient ternperature pipe siz ingulation type, aumber of insulation
layers, and thickness for each layer. A program option allows the
user w input 2 surface cuefficient or susface emirtance, surface
ovientarion, and wind speed. The computer uses this Liformation
to culenlave the hieat flow and the surface temperature, The pro-
graens caiculate the surface coeflicients if the user has nor ziveady
supplied them.

The ezuations usad in ASTM C 687 are:

by w C -L) o (—e‘-‘ M A T2 (Wing) @
d fove
where '
k., = canvection surface coefficient, Biu/he f12-°F
d = dismeter for cylinder, in. For flat surfaces and large cylinders
(d> 24),used = 2¢
{qeg = vETAgE 'eMPerure of air film, °F
M = surface 1o air temperature difference, °F
Wind = air speed, mph
C = consuant depending on shape and heat flow condition
= 1,016 for horizontal cylinders
= ].235 for longer veriical cylinders
= 1.394 for verticzi piates
= 1.79 for horizontal platss, warmer then air, facing upward
= (.89 for horizontal plates, warmer than air, facing downward
= (.89 for horizontal plates, cooier than air, facing upward
= 1.79 for horizontal plates, cooler than air, facing downward

g = &% 0.1713 x 10-%(¢, + 459.6)* ~ (¢, + 459.6)%]
(’. - ll)

6]
where

h,eq ™=radiation surface coefficient, Btu/h- ftd: °F

¢ msurtace emittance
1, =mair temperature, °F
¢, =surface temperature, °F

Example 7. Compute total 2annual heat loss from 165 ft of nominal 2-in.
bare pipein service 4000 h per year. The pipe is carring steam at 10 psi and
is exposed to an average air temperature ot 80°F,

Solution: The pipe temperature is taken as the steam temperature, which
is 239.4°F, obtained by interpolation trom Steam Tabies. By interpotation
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In Dble A bitvwen 180°F and 280 °F, hant lows from a 2.in. plpeis 285.3
Btu 'he ft. Toial annusl heat tosy from the satire lan is 2893
Bre/hefe x 165 & x 4000 h » 158 million Bru.
In calculating heat flow, Equatiots () and (10) from Chapter
‘ 2C generully are used. For dimensioni of sandand pipe and fitting
| sizes refer to the Piping Handbool. For inswlation produc: dimen-
| sions sefer 1o ASTM Sundard C 585, “Recommendied Practice for
lnnq: and Quter Di:ameters of Rigic Thermii Insulatian for
, Numinal Sizes of Fipe and Tubiag (NP3} Sysumin, ” or to the in-
sulation manufacturers’ literature.

Examples 8 and ¢ illustrate how Equations (9) and (10) from
Chapter 20 can be used to determine heat logs from both (st and
cvlindricul rurfaces. Figure 6 shoves surface rsintance as a func-
tion of heat transwiission for bekh fiar and ¢ylindrica)l surfaces,
gg:s surfacs emitcuncs is assumed w0 e 0.85 ro0 (.90 in still air at

Exemple 8. Cornpute hest loss from a boiler wall if the inverior insula.

tion surface taperatyre is 1100°F and ambient sill air emperature is $0°F.

- The wall is insulated with 4.5 in. of mineral fiber biock and 0.5 in. of
mineral fiber insulating and finishing cement.

Solution: Azsume that the mean teruperature of the mineral fiber block

Is T00°F, the mean temaperature of ths insulating cement is 200°F and the

Typical Thermal Conductivity (k) for Industrial Insuladons at Various Mcun Temperatures - Design Values”

1989 Fundamentals Handbhook

surl'ace resistancr, Ry, is 0.60.
From Takle 8, k; = 0.62 and k; =~ 0.89. Using Equation (9) from

Chapter 20
1100 - 80
(4.5/0.62) + (0.5/0.30) + 92.60
= {202 duhe f*

As a check, from Figure 6, at 120.2 Btu/h-fi2, R, = 0.56. The'rnean
temperature of che tainaral fider block is:

4.5/0.62 = 71.26; 7.26/2 = 3.63

1100 ~ [(3.63/:.48X1020)) = 1190 ~ 437 = 663°F

snd thz mean temperaiure of the insulating cement is:

0.5/0.20 = 0.63;0.63/2 = 0.31;7.26 + 0.3l = 7.57
1100 = [(7.57/8.46(102C)] = 1100 - 911 = 189°F

< Jo2o
8.4

From Table 8, at 663°F, k) = 0.60; at 189°F, ky = C.75.
Using these adjusted values to recalc late 5,
. 1020

($.570.60) « (0.5/0.79) + 0.5¢
= 117.4 Bru/h- 02

. Jlozo
8.69

Table §
Accapted Tysical Trpical Canductivity & in Btu-in/h:[t* - °F ot diean Temp, °F
Max, Temp. Density, -
. Materia) for Use®, "F  Ib/ft3 -300-75 50 —25 0 35 S0 75 100 200 300 500 Y00 9
BLANKETS AND FELTS
ALUMINOSILICATE FIBER -
T-10n diameter fiber 1800 4 0.24 032 0.5¢ 0.99 1.0}
2000 (] 0.25 .30 0.48 .78 0.9
In diameter fiber 200 4 0.22 025 0.45 (.59 0.74
MINERAL FIRER
(Rock, 1isg or giass)
Blanket, matal reinforesd 1200 612 0.16 4.32 0.39 0.5¢
1000 .56 0.2¢ 8.31 0.40 Q.6!
Blankez, flexible, fin-fiber 350 <0.78 0.25 .26 C.3d 0.3¢ 033 0.3¢ 0.533
organic bondad 0.7s 0.2¢ 3,28 0.27 0.29 0.2 0.34 0.48 5
1.0 0.23 0.2¢ G.25 .27 0.29 €32 0.43
1.5 921 0.22 0.23 0.25 0.27 0.23 0.37
2.0 C.20 0.0 922 6.2 Q.28 026 Q.33
3.0 999 030 .11 4.22 0.23 V.24 03¢
Blaniet, flexible, textile-fiber 350 0.68 0.27 628 029 0.30 0.31 .32 0.5 C.88
organic bonded 0.7% €.26 0.27 0.23 .29 9.3i C.32 0.45 0.66
1.0 03¢ 028 0.26 0.27 0.29 0.3% 0.45 Q.60 i
1.3 0.2 0.23 0.2¢ 0.2% 0.27 4.29 0.29 0.5 !
30 0.20 6,21 0.22 6.23 0.24 0.2% 0.32 0.4 i
Felt, semnirigid organic bonded 400 3-8 0.2¢4 0.25 0.25 0.27 0.35 0,44
850 3 G.08 0,17 6.18 0.19 0.2¢ .21 0.27 0.23 0.24 0.35 0.335 l
Laminsted and felted without binder 1206 7.3 0.15 0.45 )40 ;
BL.OCKS. BOARDS, AND PIPE INSULATION i
MAGNESIA i1-12 0.35 0.38 0.42 i
3% CALCIUM SILICATE 1200 L3 T34 0.3% .4l 0.44 0,82 0.82 .72 1
1800 1213 .63 0.74 Q.98 |
CELLULAR GLASS 900 8.9 0.27 0.2% 0.29 0.30 0.3 0.32 0.3 0.35 0.36 .42 0.99 0.70 1.0} J
DIATOMACEOUS SILICA 1600 2§22 0.64 0.680.72 [
190 2322 6.70 0.75 0.%0 ;
MINERAL FIRER j
Glaass, !
Organic bonded. block 2nd bourds 400 3-10 0.16 0.:7 0.18 0.13 0.20 0.23 0.24 C.2% 0.28 (.33 0,40 ‘
Nonpurking binder 1000 3-10 0.36 0.31 0.380.82 .‘
Pipe insulation, siag, or glass 350 34 .20 ¢.21 0.22 0.23 0.23 0.29 X
500 1-10 G.20 532 0.24 0.25 0.0 4.330.90 '
Inorganic bended block 1000 10-15 0.33 0.3% 0.43 0.55
1800 1524 0.32 0.57 0.42 .32 0.62 0.74
Pipe insulntion, sing, or giass 1000 10-15 0.53 .38 0.3 .58
Resin binder 13 0.23 0.14 4.25 0.26 0.28 0.25
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Table 3 Typical Thermal Conductivity ik) for Industziel Iusulerions a¢ Varlous Mean Temperatures ~ Dasign Values® (Concluded)

Typicai Condustivity k in Busein/h- 13 *F at Mesn Tomp., °F

Acceptad Typloat
Max. Temp., Density,
Materisl !Er Tsn®, °F i/t -~100—75 —-50 ~25 0 2% S50 7% 100 200 300 500 Y00 w00
RIGID POLYSTYRENE
\ (CFC-14 exp.)
(‘mooth skin surface) 168 1.8-3.5 9.16 0.16 0.17 0.16 0.17 0.18 Q.19 Q.20
Moldad heads 163 1 0.17 0.19 0.10 0.21 Q.22 0.24 0.2% 0.25 0.28
1.28 0.17 0.18 0.19 U.20 0.22 0.23 0.2¢ Q.25 0.27
1.5 0.16 5.17 0.19 0.20 0.21 0.22 0.23 0.24 0.26
1.78 0.16 0.17 G.1% 0.19 0.20 0.22 0.3% 0.4 0.28
* 20 0.15 0.16 0.1%8 9.19 0.20 0.21 0.22 0.23 0.24
RIGLD FOLYURETHANE/
POLYISOCYANURATESS
Unfaced (CFC-11 exp.) 210 {.3~2.5 0.16 0.17 Q.18 0.18 Q.19 Q.17 0.16 Q.18 0.17
. RIS POLYISOCYANURATE®
Gas-impermesble facers (CFC-11 exp.) e 20 0.12 0.13 ¢.14 0,15
RIGID PHENOLIC
Closed cell (TFC-11, CPC-113 expl) 3.0 0.110.1150.12 9.13%
RUBBER, Rigid Fcami 150 4.5 0.20 0.210.22 0.3
VEGETABLE AND ANIMAL FIRER
Wool felt (pipe insulation) 180 n 0,28 0.30 0.31 0.33
INSULATING CEMENTS
MINERAL FIBER (Rock, alag, or glass)
With collcital clay dinder 1800 2433 0.49 0.55 C.81 6.73 0.83
Witk hydraulic setting binder 1200 3040 075 0.80 0.850.9%
LOOSE FILL
Celluiase insularion (milled puiverised
paper or wood pulp) 373 C.26 0.27 0.29
Mineral fiber, slag, rock, or glass 2-3 0.19 0.2Y 6.23 .25 0.26 0.28 0.3
Periite (expanded) 3-3 .22 0.2¢ 0.35 0.27 0.2% 0.30 0.31 0.3) 0.38
Silica aerogel - 1.6 0.13 C.14 0.15 0.1 0.16 0.17 0.18
Vermiculite (expanded) 7-8.2 Q.39 G.40 0.42 .44 045 0.47 Q.49
46 0.4 0.35 0.38 0.40 0.42 0.44 0,46

SRepresentarive values for ey mateisly, which ars intensied as devign (not
specification) values for materials in normal use. {nsn'stion marerials in astual
service may have thermat values that vary from design vadues depending on their
in-situ prop-:ties (2 2., donsity and moisture conten.). For propeticy of a pare
ticular product. use the value suppiind by che manufectuesr 9r by unbiasss t2sts.

®Thest remperatures are genarsily aceepted as mamaum. When operating
emperatuce 2pproaches these Limia follow the munufacturer’s recointnesdatiang,

From Figure 6, at 117.4 Btu/h+ fté, R, = 0.56. The rozan sempecature of
tha minera| fiber biock is:

4.5/06 » 7.50;7.50/2 » 3.75
1100 « {{3.75/8.69%(1020)) = 1100 - 420 = 660°F

and e mean temperacere of the insulating cerment is:

0.370.79 re 0.83; 0.83/2 ~ 031750 + 031 = 7.8}
100 ~ [{7.80/6.69)(10200) = 1300 ~ 917 = 183¢F

From Thble 8. at 56(°F, &, = 0.60; at {83°F, k, = C.79.

Since R,, & and &; do not chinge at these vilues, ¢, = 117.4
Buhe il

Example 5. Compute eyt loss per squere faot of outer suriace of in-
suladinn i pipe emperature is 1100°F and mnbent still air temperatuce
is 80°*¥. The pipe 1t nomiinal €-in. steel pipe, insulated with a mominal 3-in.
thick disiomaceous silica a; the inner layer and 2 nomina! 2-in. thick
calcium silicaie as the outer layer.

Suiution. From Chapter 33 of the 1988 EQUIPMENT Volume, 7, = 3.31
in. A numinal J-in. thick diaromaceous silica insutation to fit » nominal
8-in. steed pipe is 3.02 ir. thick. A nominal 2 in. thick caleium silicare in-
sulation to fic gver the 3.02.in. diatomsceous silicn is 2.08 in. thick.
Therefore, 7, » §.3% in. aud ., » 8.41 in.

Agsurnt that the ineun tempersture of the distomac: ous silica is 6G0°F,
the mean tempecsiure of the calcium silicate is 250°F and the surface
resistance, R, is 0.30. From Table &, £, » 0.66; k, » 0.42. By Equation
{10) from Chapeer 20:

1200 - 89
Us ™ (8301 10 16.3373.31)70.65] + (8.41 In(2.41/6.33)/040] + 0.50

@ e e 1120
(5.43/0.66) = (2.29/040) + O30

= 76.0 Btush +fi2

SSome polysrsthiang foams are formed by mesas thar produce » siuble pro-
duct (with respact 10 &), Hut most are blown with refrigerant and wil change

. witl: time,
d5ee Tabie 4, fvotnote N,
€Seq Table 4, footnote i.

From Figure 6, at 76,0 Gtu/n - 113, R, = 0.60. The mean temperature of
the diatomaccous silica is:

5.45/0.66 » 8.26; 8.26/2 =~ 411
1200 - [(4.13/]4.83) (1120} = 1200 - 312 = 888°F

and the mean temperseure of the calctum silicare is:
2.39/0.40 = 3.98; 5.98/2 = 299, 5.2 + 2.99 =~ [1.2¢
1200 = [{(11.25/14.83)(1120); = 1200 ~ 850 = 3SO°F

From Table 8, k, = 0.72: k, = 0.46. Recalculating:

1120 . .
@ = a0 + (357098 - 0.60 ~ P8 Bw/hfid

From Figure ¢ a¢ £3.8 Beu/h- /2, 2, = 0.99. The mean temperature of
the diaromaceous silica is:

5.45/0,70 » 1,57, 1.5772 =» 378

1200 - [{3.78/13.36){1120); = [100 ~ 317 = 883°F

and the mean ismpemture of the calcium silicate is:
2.39/0.46 = $.20; $.20/2 = 260, 7.57 + 2.60 = 10.17
1200 - {(10.17/13.36)(1120)) » 1200 — 853 = 347°F

From Tabie 8, k;, = 0.72; ks ~ 0.46. Recalculating:

. 1120
91 ™ (53570.72) + (239/046) + 0.9

Since R,, k,, and k, do not change at 83.8 Bu/h - fi2, this s q,.
The heat tlow per ft2 of the inner surface of the insulation is:
Qo ® qyry/r,) = 83.8(8.41/3.31) = 212 Gwishe

= 83.8 Btu/h- f1d
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Table 94 Hest Loss froat Race Steel Plge to Stll Air at 80°F“, Btu/h- ft
Mowmiesl Moe Pipe Insidc Yemperature, °F
Stae®, in. w1 3w 450 20 30 T $830 930 1080
0.50 $9.3 1472 3.2 4123 €00.9 $36.4 1128.6 1485.6 1918.0 2436.8
0.78 TS 180.1 ky N 3 306.2 9.2 10312 1392.9 1236.0 43738 Jois.%
1.0n 8.2 220.3 396.1 §22.7 $:0.9 1272.54 17212 271.5 2918.4 kL IR
i 28 100.7 s 490.4 2D 1n? 1583.3 2145.6 23334 36i3.4 45%0.9
1.50 123.9 308.9 3551 875.1 1283.8 1798.3 2433.2 kPl X3 4180.5 -3330.0
2.00 151.8 m. 681.4 1C76.3 1581.3 2189 3012.6 3989 51772 6604.8
2.3 190.8 450.0 s11.9 1284.0 1888.8 26492.8 36033 477%.3 6199.3 912.8
3. 215.9 533 .8 . 1541.8 2.4 3194.0 43:4.9 §162.1 T7446.2 9562.2
3.50 243.9 679.0 1101.4 1748,1 25747 620.6 N0 6346.4 8510.4 10874.3
40 e 678.6 1228.2 1948.7 8759 4050.5 $517.5 7326.0 9528.! 121789
4,50 w2 7479 1354.4 2150.9 3176.3 “r.7 6103.8 309.5 10533.2 13495.2
$.00 329.% 24,7 1404.8 payil) 31510.6 4950.7 67513 8972.5 11678.4 14936.3
§.00 ina 968.7 1797.3 2796.8 4133.0 $84id 0 IR 10603.1 13808.2 17667.6
.00 440.3 1102.8 2003.0 3189.9 4723.9 6673.5 9l14.2 12127.4 15799.4 20220.8
8.00 493.3 1233.7 2246.1 3580.0 5308.3 T500.0 10243.4 13642.2 177718.2 WIS8D
9.00 345.9 1368.1 24385 3970.2 50847 831312 11392.1 15174.5 197871 23343.6
10.00 604.3 15148 21512 4400.7 ©  65%0.1 9241.1 12638.6 16839.1 219492 31049
11.00 €%6.0 1644.3 2995.5 4783.8 T102.1 10054.9 137562 18328.4 23900.3 30606.1
12.20 704.0 11623 3203.3 5104.9 78873 108461.8 14524.9 19256.7 24967.5 31766.8
14.00 ™. 19342 15289 563€.0 3739 11862.4 16238.5 21835.6 28212.3 361203
16.00 o 2:89.0 3993.2 6307.4 9498.9 13458.0 18424.8 24556.6 32021.1 40990.7
18.0C oe.s WALY 4436.7 ne 10609.4 15041.3 20596.7 74832 35795.6 45813.1
20.00 1072. 26924 4916.8 7873.2 iTs. 166i3.4 227323 30226.8 359537.8 30%9G.0
24.00 1269.3 '318!.9 §28.3 9.9 13995.5 197264 27019.7 36010.1 46930.3 60014.7
Table 9B  Heat Loss from Fist Surfaces to Siill Air at 30°F’. Btu/4-ft}
Surfuce Inside Tempeniture, °F
190 0 390 4% 2% 1] 10 330 L) 1080
Vertical Surface 2122 533.1 Mma 1558.¢ a2 3298.0 «530.1 6062.3 T945.8 10231.4
Horizontal Surfuce
Pacing Up 2447 536.4 1061.1 1633.8 2484.9 35019 41154 6350.4 3276.3 10606.1
Hortzoneal Surface '
Pacing Down  183.6 458.3 86).4 1399.6 2112.8 It 4178 5696.7 7524, $754.7
Table 10 Heat Loss from Bare Cooper Tube to Still Air av 30°¢*, Btu/h-t
Nowminal Tebc Tube Inside Temperature, °F
Size. in. 120 183 1850 210 ) i oo 330
02% 74 14.1 2.9 0.8 9.9 70,0 6.8 ne |
0.37S X 12.0 n.1 ».1 s1 88 1.6 9.2
0.500 . 21.8 34.0 a4 6.9 s 9.1 s
0.750 14.7 29.1 5.4 Q3 2.7 103.6 126.0 (4.8
1.000 8.3 382 56.4 ™7 102.3 128.9 156.7 186.5
1.250 1K) 4. 612 9.6 122.4 153.4 186.7 m2
1.500 8.2 Y ™6 108.3 141.5 1774 28,0 287.1
2.000 ny Q.9 9.0 136.7 178.3 2.3 m.L 325.4
2.500 nI 7.6 179 164.4 TR 269.1 328.7 w8 Dull ¢ » 0.44
3.000 “.6 ) 131.2 191.8 20,8 e s 496.9
1.500 50.8 100.3 156.3 280 US4 3582 436.7 520.8
4.000 a0 123 175.0 2043 3197 a01.4 PO 1.9
3.000 ®.0 1359 217 293.8 3869 prey. 923 7.6
6.000 2.7 199.0 2477 3.7 4528 562.9 69,2 29.0
$.000 103.7 204.1 N 437 8L 730.7 1.1 1066.0
10.000 126.1 U1.9 386.1 9.1 706.5 "4 104S.2 1297.4
12.000 143.0 290.9 433.0 6)2.5 129.2 1042 124.6 1524.4 |
0.250 (¥ 10.8 16.9 pL K] 0.5 3.9 .3 $3.5]
0.375 5.8 1.7 2.4 2.7 %6 49 516 67.6
0.500 2 1Y 28.7 387 ) 514 @\ s1.2
0.750 10. 2.6 N %9 6.9 5.6 90.9 106.8
1.000 1.2 2.3 a4 51.6 7.7 028 1.6 131.2
1.2%0 15.5 .3 aas ull ’.0 109.3 131.6 154.7
1.560 17.8 5.8 30 7.3 100.9 125.3 150.2 1774
1,000 22 “s6 . %3 128.7 136.1 1879 1.
1.500 26.4 .0 1.t 113.1 149.5 185.6 o8 263.0 Bright ¢ = 0.8
1,000 30.5 61.2 9.6 132.8 1724 4.2 1819 30).5
3.500 M4 .1 1079 150.0 1948 PTPR M4 29
4.000 n.) 76.3 120.0 166.3 216.6 269.1 3241 814
$.000 4.7 n.g 143.4 195.) 2908 1.6 ity 436.1
6.000 $3.0 106.3 166.0 230.7 299.7 372.5 “s.7 $28.)
3.000 6.1 134.) 209.4 1.1 s 470.1 966.5 67.2
10.000 0.2 160.8 251.0 9.0 4334 $63.7 6719.5 800.4
12.000 93.0 186.5 1.3 €049 $26.1 454.2 T88.7 9291

“falculations from ASTM C680-82: for copper: k = Y784 Biuin/h- i3+ °F.
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MINERAL FIBER (Fibergiass and Rock Woacly CALCIUM
ominal Pipe Process Temperatuee, °F

Sizy, in. 150 250 350 450 450 $50 %0 D) o850 1050 150 250 350

Thickness 1 1321 2 2% 3 3In 4 4 44 va ' 1n 2

w Heat Loss s 16 b1} n 43 s< 66 84 100 3L 12 214 k¥)

Surface Temperature 72 75 16 78 ™ 81 8 36 87 LR ) 78 80
“Thickness 1 M 2 I M e 4 4 sa Lo T M

] Heat Loss u 21 3 41 49 61 ™ 9% 114 i3S 16 26 i} }

* Surface Temperature 73 76 78 80 ™ 81 84 86 88 39 % 76 9

Thickness ] 2 2% 3 4 r 4 54 R 1% [} 4 2 3

1% Heat Loss 14 2 33 43 54 73 94 102 128 182 17' I a2

. Surface Temperature 73 74 77 79 79 82 86 84 58 0 1 7 7¢ 78

Thickness 14 2 3 k1% 4 4 4 % [ ] 1% 2% k}

2 Heat Loss 13 25 24 47 61 81 105 114 137 168 19 32 47

Surfzce Temperature 71 75 75 i 79 83 87 33 8" #1 T4 28 79
Thicknsese 1% A k1%Y 4 4 4w 4% [ %4 7 2 3 I

3 Heat Lows 16 28 39 34 75 94 122 133 154 184 21 k¥ 34

Surfsce Temperature k2 T4 75 m 81 83 8/ 86 87 90 73 75 78

Thickness 1% 3 4 4 4 L) L 1% é 7 T4 2 k] 4

4 Heat Loss 19 b 42 63 ] 102 126 132 174 206 25 4) s8

Surface Temperature k2] ke 74 78 52 86 85 §7 88 9¢ 7€ 76 ™

Taickass 2 3 4 4 4% s L 1%} 153 ™ 8 2 I 4

] Heat Loss 21 38 54 81 104 130 159 181 208 246 33 L1 7%

Surface Temperature 71 M 73 9 82 84 37 28 49 91 74 75 ki ]

Thickness 2 k101 4 4 5 ) 3% 7 B 1 2% A 4

8 Heat Loss o8 42 s ” 116 185 18¢ 204 34 n 35 » 90

Surface Temperature 71 73 96 w0 3 8 8 8 ® 2 7316 T

Thickness 2 In 4 4 s v 54 TA 814 9 21 4 3

10 Hent Loss 32 50 T 115 136 170 220 226 %9 ? 4% 66 106

Surfece Temperature n 74 ki a1 82 85 x) §7 39 *{ 1 13 78 §C

Thickness 2 b 1% 4 4 s s 5t T4y 3 o4 2 4 4

| Hear Lose ] 57 87 (%11 154 1$2 249 281 280 33 37 74 1ol
Surfuce Temperature 2 74 kd 32 82 86 5t 133 —— 89 91 73 76 81‘_

Thickness 2 n 4 4 3 ¥ 6% 1A s A A 4 4

4 Heat Loss 40 61 94 141 165 206 236 reM 297 52 $1 81 130

Surface Tetaperature n 74 rad 32 LX) 88 a7 8y §9 " 73 € 81

Thickness 2% k1% 4 4 b1%1 b1%] 7 8 9 10 3 4 4

11 Heat Loss 37 €3 105 157 mn 228 247 84 36 K bt 40 144

Surface Tcmperuture T 74 ™ 83 82 4 £3 43 89 SH n 76 L

Thickness 2% k%Y 4 4 L17 (37 7 8 b W 3 4 4

18 Heat Loss 41 75 113 173 187 250 270 ny 5 404 48 bl 159

Surface Temperatuce n 74 78 13 _ 33 87 87 a5 93_ g1 73 76 2

Thickniss 2% n 4 4 W A 1 b ? 10 3 4 4

20 Heat Loss 45 82 126 189 204 273 292 338 343 436 40 108 17

Surface: Temperature n ‘s k¢ | 23 82 17 87 89 90 92 73 ke 82

Thickness A 4 4 4 su & T4 8 9 10 k) 4 )

., 24 Heznt Loss 3 %6 147 21 227 207 320 386 339 493 n 137 203

Surface Temperature i A 78 83 33 86 86 89 9 93 bk T 82

Thizkness 2% 4 4 4 p1%) [3%] TA 8t io 1] 3 4 4

. ki) Hea: Loss 8% 103 179 268 286 2 383 239 431 91 86 15¢ 247

¢ Surfuce Temperatuce 7\ 74 i) 84 84 s &7 8y 29 94 73 el 83

Thickness < 4 4 4 b1%] 7 8 e 10 10 2 4 4

36 Heat Loss n 123 211 316 35 k1) 452 436 386 683 19 i3 29¢

Surface Tempersiure n 74 7 84 84 84 86 3] 99 94 14 ™ 83

Thickness 2 ve 4 4 Vi 8 I 1c 10 10 pALs: v, 4

Flat Heat Loss 10 14 20 7 n 27 n kT4 37 58 12 20 23

Surface Temperature ™ 74 k2 80 82 50 82 . 8s 89 ) 73 i 81

3Cunsult manuiacturer’s litevature for product temperature linntations.
Tabie is based on typeeal operating conditions, «.2,, 63 °F awnbient temperature

and 7.5 miph vl speet. and may act reprasent ssival coninons of wse. Unys
for tihickness, neat loss, N SUTIDCE lemeerature are 1 nches, Btudh«te, and
'F. respeenyvely.

1
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Table 11 Recommanded Thicknesses {or Pipe and Equipment Insulative® (Conrcluded)
SILICATE CELLILAR GLASS
Proceis Temperaturs, ¥ Frocess Temperature, °F
450 $50 650 750 350 950 108) 150 250 350 450 550 630
2 3 n 4 4 ‘ 4 1 % 2 2 YoM e
42 X ] (1] 75 %% 108 128 13 26 K14 st 63 18 B
1 2 9 84 Ly 9 94 7 il 82 83 85 86 L
3 k17 A 4 4 4 4 1 2 w 3l n 4 4
49 60 pr3 » 109 130 154 17 29 41 57 n 86 106
80 7 43 86 90 94 28 76 A 80 2 84 85 89
kY 4 4 4 4 s s 1% 2% k] 4 4 4 4
4 6 M08 1238 19 e 12 2 a8 © %0 102 126
% sl 8 ) n 9 9e 74 76 7 0 3 88 n
N 4 AW s W 6 6 1% 2% 3 4 4 4 a4
61 kL] %0 108 123 142 167 15 36 53 67 59 (10 133
LY 2 4 83 87 38 9 n 7'7 80 8\ a8 89 90
4 a4 3 W 6 [ (] in 3 A 4 ) 4% 5
! L 1) 103 13 143 n 02 26 41 82 82 1 132 154
0 2 1) L 5 87 0 % 15 76 9 | 73 L1 19 o
4 4N s v 6 (171 7 2 k] <4 4 4 444 3
82 101 124 142 164 18? 213 26 a8 67 9% 128 153 n
81 83 83 7 9 90 92 s Kt 79 43 83 90 9”2
4 4% S W 6 1 8 : E3%) 4 4 W v [
195 129 183 178 208 24 U8 3s J€ L L 123 153 n 301
5] [ ] §7 9 N 12 91 T4 76 80 83 83 88 S1
] s 3 é 7 ] .17 P3s In 4 4 3 S [ L]
n? 144 183 200 <20 243 ! 37 68 103 148 170 204 26
7] 35 0 29 89 9 92 L2 L 81 1 a7 9% 91
4 s SW 6 ™ £ 3%] 9 b1 4 4 4 L15} £17%) 7
195 158 200 23 243 219 306 44 w3 12; i 186 238 o4y
25 Bs » A8 $0 9 89 N 73 16 82 88 Ly 91 0
4 5 v ? ] 171 M A 4 4 4 117 b1%] RAL
170 18 k6 236 262 m 330 $0 13 138 199 21 768 258
85 3 29 88 . 83 90 91 74 i 83 89 i) 93 29
-4 b 3w 7 3 9 9% 2% 4 4 3 W b 1% 8
183 208 242 52 12 308 352 53 % 148 318 6 ~38 73
L3 A? 89 a8 38 " ) 74 e 83 39 88 b X ]
4 v (121 Tvi 8 3 10 v é 4 4 S 3K 3
204 21 pay) 265 o7 ki i 2 ol 100 165 238 250 N9 300
7 8 86 87 29 9«0 91 74 ™ 3 90 SN 94 59
& [17Y % 7 s 8 16 24 4 4 4 s s &
235 w2 259 s 320 367 403 % 110 182 2682 bal) 350 x
114 8% 7 7 88 96 91 T4 T 84 90 68 94 3]
4 34 (170 ™ 8% 94 10 A 4 L) 44 L X% $'4 &
L A 2281 nz 348 3 433 T4 120 199 2wl on 380 354
87 8¢ g7 83 8 9 92 4 7 M 8 9 94 a0
4 k17 [ 15 7V | %] 9 I % & 4 b} L35 3% L}
287 sk nr Xio 7 437 497 87 140 22 ey 346 a2 407
88 87 3 52 39 S 3 714 Vi) 34 ) 9 93 L]
4 W 7 g 8 10 10 piz 4 4 5% Sia v 3
9 353 168 495 452 498 389 w7 7 232 2 418 333 486
&8 87 7 34 39 b ol 94 13 78 as (5 90 o6 91
4 [.1%] FAC & 9 i0 16 244 4 < $14 S 4 8
410 359 Ll €73 $24 376 681 127 W4 332 366 439 624 163
89 84 %5 88 123 9 W 78 8 13 83 9r 96 92
3K 644 7% 84 YA V] 10 A% 4 4 v b3 Ty 8V
» 1 36 ki 43 49 58 13 20 2 7 ) 45 43 47
L1 23 84 8% byl 89 9 73 T 82 33 88 L2 39

]
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Table 12 Apparent Thermai Conductivity (%) for Various Soils®, Biu-in./h 3. °F
Mechanicai Analvsis %o by Weight Moisture Conwat, Yo
Gravel  Sand Sii¢ Clay 4 1 10 e
Scil Designstion Dry Density. 1o/t
Over 0020 10 0.6902 t¢ Uader
0.0Min. G.579ia. 7.002ix. 0.0002im. | UOD 110 120 | 110 %0 100
Fipe Crughed Quanz 0.0 i00.0 0.0 0.0 12.0 16.0
Cruthed Quarez 15.5 n.0 5.3 1i.5 16.0 230
Graded Cniawa Sand 0.0 .99.9 0.1 10.0 140
Fairbanks Sand 2.8 70.0 25 8.5« 16.5 13.5 5.0
Lowell Sand 0.0 100.0 0.0 Q.0 8.5 11.0 13.3
Chena River Gravel §0.0 19.4 0.6 9.0 13.0
Cruzhed Feldspar 25.5 70.3 4.2 6.0 7.5 Q.5
Crushed Granite 16.2 .0 6.8 5.5 1.3 10.0
Dakotz Sandy Loam 19.9 57.9 21.2 10.0 6.5 9.5 13
Crushed 'l'rlz Rock 27.0 63.0 10.0 5.0 6.9 7.0
Ramsey Sandy Luam 0.4 33,6 21.8 1.5 4.5 6.5 16.0
Northway Fine Sand 0.0 97.0 3.0 0.0 4.5 5.5 g5
Northway Seng a0 97.0 0.0 0.0 4.5 6.0 7.8=
Herly Clay C.v 1.¢ 20.1 78.0 4.0= 3.5 %.0= | 8.0 10.0
Fairbangs Silt Losn 0.9 1.8 30.9 n.s 5.0 9.0=| 75 100
Fairbanks Silty Clay Loaz 0.0 92  63.8 21.0 5.0 96=| 7.5 9.5
HNerthway Silt Loans: i.0 21.0 64.4 13.6 4.0 7.0= | 6.0= 7.0=

SMersured a1 a mean wenperature of 40°F.

Because trial and error techniques are tedious, the computer
programs previously described should be used to estimate heat
flows per unit area of flat surfaces or per unit length of piping,
and interface temperati'res including surface temperatures.

Several methods can be used to determine the most effective
thickness of insulation for piping and equipment. Table 11 shows
the recommended insuiation thicknesses for three different pipe
and equipment insularions. Installed cost data can be developed
using procedures described by the Federal Energy Administration
(1976). Computer programs capable of calculating thickness in-
formation are available from several sources. Also, manufacturers
of insulations ofies computerized analysis prog-ams for designers
and owners 10 evaiuate insulation requireinen:s. For more infor-
mation on determining economic insulation thickness, see
Chapter 20.

Chapters 3 and 20 give guidzance concerning process control,
personnel protection, condencation control, and economics. For
specific information on size . of commercially available pipe in-
sulation, see ASTM Stanciasd C 585 and consult with the Ther-
mal Insulation Manufaciurers Association (TIMA) and its
member companies.

CALLCULATING HEAT FLOW
FOR BURIEI® PIPELINES

In caleniating heat flaw to or from buried pipelines, the the:-
mai properties of the 50il must be assumed. Yable 12 gives the ap-
parent thermal conductivity values of various soils. These values
can beused as a guide when calculating heat flow for buried lines.
Because most soil or earth contains moisture, thermal conductivi.
ty can vary widely from the values given in Table 12. Kernsten
(1949) discus.es thermai properties of soils. Czrslaw and Jaeger
(1959) give. methods for calculating the heat flow waking niace bet-
ween one or more turied cylinders and the surroundings.
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UTDOOR air that flows through a building either inten-
tionally as ventilation air or unintentionally as infiltration
(and exfiltration) is important for two reasons. Outdoor air is
often used to dilute indoor air contaminants, and the energy
associated with heating or cooling this outdoor air is a significant
space-conditioning load. The magnitude of these airflow rates
should be known at maximum load 10 properly size equipment
and at average conditions, to properly estimate average or seasonal
energy consumption. Minimum air exchange rates need to be
known 1o assure propet control of indoor contaminant levels. In
large buildings, the effect of infiltration and ventilation on
distribution and interzone airflow patterns, which include smoke
circ:lation patterns in the event of fire, should be determined (see
Chapter 58 of the 1987 HVAC Volume). '
Air exchange between indoors and out is divided into ventila-
Qﬁon (intentional and ideally controlled) and infiltration (uninten-
tional and ur.controlled). Ventilation can be natural and forced.
Natural ventilation is unpowered airflow through open windows,
doors, 2nd other intentional openings in the building envelope.
Forced ventilation is intentional, powered air exchange by a fan
or blower and intake and/or exhaust vents that are specifically
designed and instailed for ventilation.

Infiltration is uncontrolled airflow through cracks. interstices,
and other unintentional openings. Infiltration, exfiltration, and
natura! ventilation 2irflows are caused by pressure differences due
to wind, indoor-outdoor temperature differences, and appliance
operadion.

This chapter focuses on residences and small commercial
buildings in which air exchange is due primarily to envelope in-
fileration. The physical principles are also discussed in relation to
large buildings in which air exchange depends more on mechanical
ventilaticn than it does on building envelope performance.

TYPES OF AIR EXCHANGE

Buildings have three different modes of air exchange: (1) forc-
ed ventilation, (2) natural ventilation, and (3) infiltration. These
modes differ significantly in how they affext energy, air quality,
and thermal comfort, They also differ in their ability to mainrain
adesired air exchange rate. The air exchange rate in a building at
any given time generally includes all three modes, and they all must
be considered even when only one is expected to dominate.

The air exchange rate associated with a forced air ventilation
system depends on the airflow rates through the system fans, the
airflow resistance assoctated with the air distribution system, the

The peeparasion of this Chapter is assigned to TC 4.3, Ventilauun Requirements
and Intiltration.

S

airflow resistance berween the zones of rhe building, and the air-
tightness of the building envelope. If any of these factors is not at
the design level or not properly accounted for, the building awr ex-
change rate can be quite different from its design vaiue.

Forced venrilation affords the greatest potential for control of
air exchange rate and air distribution within a building through
the proper design, installation, operation, and maintenance of the
ventilation system. Forced or mechanical ventilation equipment
and systems are described in Chapers 1, 2, and 10 of the 1987
HVAC Volume. An ideal forced ventilation system has a sufficient
ventilation rate to control indoor contaminarnt levels and, at tiie
same time, avoids overventilation and the associated energy penal-
ty. In addition, it maintains good thermal comfort (see Chaprers
8§ and 32).

Forced ventilation is generally mandatory in larger buildings,
where a minimum amount of outdoor air is required for occupant
heaith and comfort, and where a mechanical exhaust system is ad-
visable or necessary. Forced ventilation has generally not been
used in residential and other envelope-dominated structures.
However, tighter, more energy-conserving buildings require ven-
tilation systems to assure an adequate amount of outdoor air for
maintaining acceptable indoor air quality.

Natural ventilation through intentional openings is caused by
pressures from wind and indoor-outdoor temperature differences.
Airflow through open windows and doors and other design open-
ings can be used to provide adequate ventilation for contaminant
dilution and temperature control. Unintentional openings in the
building envelope and the associated intiltration can intertere with
desired nawural ventilation air distribution patterns and lead to
larger than design airflow rates. Natural ventilation is sometimes
defined to include infiltration, but in this chapter it does not.

Infiltration is the uncontrolled flow of air through uninten-
tional openings driven by wind. temperature difference, and
appliance-induced presures. Infiltration is least reliable in pro-
viding adecuate ventilation and distribution. because it depends
on weather conditions and the location of unintentional openings.
It is the main source of ventilation in envelope-dominated
buildings and is also an important factor in mechanically ven-
tilated buildings.

VENTILATION AND THERMAL LOADS

Qutdoor air introduced into a building constitutes part of the
space-conditioning load. which is one reason to limit air exchange
rates in buildings (0 the minimum required. Air exchange typically
represents 2010 0% of the building’s thermal load. Chapters 25
and 26 cover thermal loads in more detail.
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Alr exchiange increases a building’s thermal isad in three ways.
F:uu. the inceming air must be heated or cooled from the outdoor
&ir teraperature 10 the indoor air temperature. The rate of energy
consumplicn is given oy:

q = 60 Qi ()
where

g, ™ sonsibic beat lesd, Brush

Q = airfiew rate, ¢fm

@ = air density, b,/ {about 0.075)

€y = wecifls heat of ir, Btu/lb*F (about 0.24)

& = indour-gurdoor tetaperature difference, °F

Second, air exchange increases 2 buikiing's moisture content,

pertdcularty in the summer in some areas when humid sutdoor air
must be dehumidified. The rate of energy consumpzion associated
with@e latert loads is given by

© g = 60.Qh, AW @
where

G = lutent heat loads, Btu/h
hyy = latent heat of vapor st the approprizes 2if emperatire,
Btu/1b,, (about 10)
AW = humidity ratic of indecr air minus humidity ratic of out.
doot air, th, wmier/lb, dry air

Finally, air exchange can increase 2 building’s thermal foads by
decreasing the performunce of the enveiope insulation system. Air
flowing around and through the insulation can inerease heat
transfer rates above design rates. The effect of such airflow on ins
sulation system perforpaance is difficuli to quantify, but should
be considered. Airflow withia the insulation system can alea
decrease the systam’s performance due to rmoisture condensing in
and or the ipsulstion.

VENTILATION AND AIR QUALITY
Outdoor air requirements ave beer: debated for over @ century,
and different radonales bave produced radically different ventila-

Table 1 indeor Air Pollutanis in Residential Buildinzs

Sources Poliutant Typos
OUTDOOR
Ambient aic so:-. NO. NO;, 03. m
carbons, CO, panrticulates
Moior vehicles CO, Pb, hydrocarbons,
particulates
Soil Radon
INDOOR
Building sonstruction nierials
Concreur:, stone: Radon
Particleboard, piywood Formaldehyde
Insulation Forinaldchyde, fiber glase
Fire retardant Asbestos
Adhesives Organics
Paimt Mereury, organics
Building Contents
Heating and cooking CO, NO, NO,, formal-
combustion appliances dehyde, particuiates
Furnishings Organics
Water service; natural gas Radon
Human occupants
Metabolic activity H,0, CO;, NH,, odars
Hurmman activities
Tebaczu smoke CO, NO,, organics,
particulates, odors
Asrosol spray devices Fluorosarbons, vinyl chloride

Cleaning and cooking products  Organics, NH,, odors
Hobbies and crafts Organics

1989 Fundamentals Hancdbook

tion standards (Rlouss et al. 1970, Yaglou 1926, 1937). Considem-
tions have included the amount of air required to remove exhai-
ed air and 1o ceatro! inkerior moisture, carbon dioxide (CO-), and
odor (3ee Chapter 12).

The maintenance of carbon dioxide (CO.) leveis is a common
criteria for determining ventilation rates. A representative value
of CO- production by a sedentary individual who ¢ats a normal
diet is 0.011 cfm. When steady state is reached in a ventifated-space
int which no removal mechanisms for CO. exist other than ven-
tilation, the concentration of CO4 is given by:

C;=C,+ F/Q (%))
where
C, = concentration of CO, inside the spacs
., = coancentration of CO. outside the space
F = gencration race of CO,, cfm
@ = wentilation rate (eutdoor air oaly), cfm

The vemilation rate per person required 1o maintain the indoor

CO- level at some prescribed limis £ is given by:

Q = (0.011 x 100) 7 [C, (%) = C,{T0)) %)

A typical outdoor concentration for CO- is 0.03%,

ASHRAE Stendard 62 specifies ventilation rates required o
maintain acceptable indoor air quatity for a variery of space uses.
The staridard contaias a basic requirement of 15 c¢fm of outdoor
air per person, based on 2 CO; concentration limit of G.1%,
While normal healthy people tolerate 0.5% CC4 without
undesir: bie symproms (McHattie 1940) and submarines
sometimes operate with 1% COa in the atmosphere, 3 level of
0.1%% provides a safery faczor {or increased activity, unusual oc-
cupancy load. reduced ventilation, and controi of odors.

Alternatively, Standard 62 can be corsplied with by maintain.
ing the concenirations of certain ¢ontaminants within limits
prescribed by the standard through some combination of source
conirof, zir treatment, and verzilation. Table 1 lists some con-
ta-ainants of concern, classified according to sourse type (Berk
er al. 1979).

In cases of large contaminant source strengths, impractically
high levels of ventilation are required ¢ control contaminant
levels, and other methods of control are more eftecrive. Removal
or reduction of contaminant sources s 2 very effective means of
control. Construction materials with low contaminant emission
races shouid be specified when possible, Sealants can be used in
some situations to prevent outgassing. Spot ventilation. such as
range hoods or bathroom echausts, for conrreiling a localized
source is aiso effective

Particles can be removed with various types of air filters.
Gaseous contaminants with higher maolecuiar weight can be con-
trolled with activated carbon or alumina pellets impregnated with
substances such as potassium permanganate. Chapter 10 of the
1988 HVAC Volurme has information on air ¢leaning. Standard 62
ailows adequately cleansed air to be substituted for outdoor air.
The circulation rate must increase, but energy may be saved in con-
ditioning outdoor air. Each contaminant, and an appropriate
cleansing method, needs 0 be considered.

Source control and local exhaust, as opposed to dilution with
ventilation air, is the method of choice in industrial environments.
"The practice of industrial ventilation is well developed, and is
discussed in Chapters 41 and 4] of the 1987 HVAC Volume, and
the ACGIH Industrial Ventilation Manual (1986).

DRIVING MECHANISMS

Natural ventilation and infiltration are driven by pressure dif-
ferences caused by wind, temperature differences between indoor

e
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and outdoar air (stack effect), and the operation of appliances,

such as combustion devices 2nd meciianical ventilation systems.

¢ pressitre difference at a location depends on the magnitude

f these driving mechanisms as well as on the characteristics of

the openings in the building cuvelope, ie., their locations and the

relasionship berween pressure differenice and airflow for sach
opening. .

Pressure gifferences across the building envelope are based on
the requirernent tha: the mass flow cf air into the building equals
the mass flow out. In general, density differences berween indoors
and outdoors can be neglecied, <o the volumetric airflow rare in-
to the building equals the volumeiric airflow rate out. Based on
this assumption, the envelope pressure differences can be deter-
mined; however, such 2 determination requires a great deal of
detailed information that is essentially impossiblc to obtain.

When wind impinges on a building, it creates a distribution of
stalic pressures on the building's exterior surface, which depends

on the wind direction and the location on the building exterior. -

This pressure distribudon is independent of the pressure inside the
building, p;. If no other forces act on the building, if no indoor-
outdoor temperarure difference exists, and if no appliance forces
air through the building, the pressure differences, in constant
units, are determined by the interior static pressure, according to:

where Ao = p, + Dy = D; (5

Ap = Mpmsv_.m difference between outdoors and indoors at the
auon
Po ™ Static pressure at reference height in the undisturb-
ed flow ‘

Pw = Wind pressure at the location
pi = interior pressure at the height of the locstion

If a0 indoor-outdoor temperature difference exists, the interior

ent on the interior teruperature, This rate of pressure decrease

.:mdc pressure p; decreases iinearly with height at a rate depen-

equals — g where g, is the interior air density and g is the ac-
celeration uf gravity. The interior static pressure assumes a value
such that the total airflow into the building equais the total airflow
out of the building. The interior static pressure may be determined
by calculating the airflow through each cpening as a function of
the inzerior pressure, acding all of these airflow rates together, set-
ting this sum equal to zero, and solving for the interior pressure.
However, to solve for the interior pressure in this way, the location
of each opening in the building envelope, the value of p,, at each
opening, and the relationship between airflow rate and pressure
difference for each opening must be known.

When an indoor-outdoor temperature difference exists, it im-
poses a gradient in the pressure difference. This pressure difference
Ap, is a function of height and temperature difference and may be
added to the pressure difference dus to wind in Equation (5). The
pressure difference is now expressed as:

Ap = po + Py = Dir + Aps (6)

The parameter p;, is the interior static pressure at some
reference height, and this pressure again assumes a value such that
the total inflow equals the total outflow. A summation of all the
airflows thrcugh these openings can be set up, set equal to zero,
and solved for the interior pressure at the reference height.

When an appliance such as a combustion device or a ventila-
tion fan operates, an additional airflow is imposed on the building.
The pressure difference is still calculated using Equation (6), but
the interior pressure p;, changes so that the balance between in-
flow and outflow is maintained. This balance necessarily includes
the airflow rate(s) associated with the appliance(s).

To determine the pressure differences across the building
envelope and the corresponding air exchange rates, the exterior
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pressure distribution due to wind and the location and airflow
rate/pressure difference relationship for every opening in the
building envelope are needed, These inputs are difficult ;¢ obtain
for any given buiiding, making such a determination urnrealistic,

Wind Pressure

Wind pressures are generally positive with respect 1o che static
pressure in the undisturbed airstream on the windward side of a
buikding, and negative on the leeward side. Pressures on ihe other
sides are negative or positive, depending on wind angle and
building shape. Static pressures over building surfaces are aimost
proportional to the velocity head ot the undisturbed airstrezam.
The wind pressure or velocity head is given by Bernoulli’s equa-
tion, assuming no height change or head losses:

Py = C,Cqv°/2 )

wiere
p, = suriace pressu-e rejative to the static pressure in the un-
disturbed fI- | in. of water
@ = air density, 1b,/ft’ (about 0.075)
v = wind speed, mph
C, = surface pressure coefficient
C = unit conversion factor = 0.0129
Therefore Equation (5) can be rewritten as
Ap = p, + C\Cpav*/2 - p; (®)

C,is a function of location on the building envelope and wind
direction. Chapter 14 (Airflow Around Buildings) provides addi-
tional information on the values of Cp. Although standard con-
ditions are frequently used, the air density and consequently the
wind pressure can vary for a given wind speed with changes in
temperature and/or elevation. For example, for an elevation rise
from sea level to 5000 ft, or an air temperature change from ~20°
to 70 °F, the air density will drop about 20%. [f these elevation and
temperature changes occur simultaneously, the air density will
drop by about 45%. Therefore, the effects of local air density can-
not be ignored.

The wind speed incident on a building is generally lower than
the average meteoroiogical wind speed for a region, and
meteorological data usually overestimates wind pressures on a
building. Building wind speeds are lower because of effects of
height, terrain, and shielding (Le2e er a/. 1980). The wind speed is
zero at the ground surface and increases with height up to an
altitude of about 2000 ft above ground level. Meteorologicai
measurements typically are made at a height of 33 ft in open areas.
Residential building heights are generally less than 33 ft and are
therefore subject to lower wind pressures, Tall buildings are sub-
ject to a range in wind speed over the height of the building, ex-
posing the exterior to wind pressures that are both lower and
higher than estimates based on Equation (7).

The shielding effects of trees, shrubbery, and other buildings,
within several building heights of a particular building, produce
large-scale turbulence that not only reduces effective wind speed
but also alters wind direction. Thus, mereorological wind speed
data must be reduced carefully when applied to low buildings.
Chapter 14 provides additional guidance on estimating wind
pressures.

The magnitude of the pressure differences found on the surfaces
of buildings varier rapidly with time because of turbulent fluctua-
tions in the wind (Grimsrud et a/. 1979, Etheridge and Nolan
1979). Howzver, the usc of average wind pressures to calculate
pressure differ nces is usually sufficient. In residential buildings
the magnitude of wind pressure differences averaged over 20 min
seldom exceeds =0.02 in. of water under typical conditions. In
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many cases the averages are less than +0.01 in. of water. For tall
buildings or buildings completely exposed to open terrain, the
pressure on the windward side is much closer to those caiculated
from average wind speeds for the site (Tamura and Wilson 1968).
In the latter zases, for eample, if v = 6.7 mph, p, & 0.02 in. of
water; if v = 15.7 mph, p, % 0.12 in. of water (assuming Co= 1)

Stack Pressures

Temperature differences between indoors and outdoors cause
density differences, and therefore pressure differences, that drive
infiltration. During the hesting season, the warmer inside air rises
and flows out of the building near its top. It is replaced by colder
outdoor air that enters the building near its base. During the cool-
ing season, the flow directions are reversed and generally lower,
because the indoor-outdoor temperature differences are smaller.
Qualitatively, the pressure distribution over the building in the
heating season takes the form shown in Figure 1.

The height at which the interior and exterior pressures are equal
is called the Neutra] Pressure Level (NPL) (Tamura and Wilson
1966 and 1967a). Above this point (during the heating season), the
interior pressure is greater than the exterior; below this point, the
greater exterior pressure causes airflow into the building.

The pressure difference due to the stack effect at height A is:

Ap; = Cr(00 — @) 8(h ~ Anpr) ©)
= Cr08(h = Anp X(T; = To)/ T,
wherz

Ap,; = pressure difference due to stack effect, in. of water
@ = air denzity, Ib/ft’ (about 0.075)
§ = gravitational constant, 32.2 ft/s*
A& = height of observation, ft

Ahypy = height of neutral pressure level, ft
T = absolute temperature, °R

C; = unit conversion factor = 0.00598
Subseripts

/| = insid
0 = outside

A useful estimate of the magnitude of the stack effect on a
building is that the pressure difference induced by the stack effect
is 2.7 x 10-% in. of water/ft- *°R. This estimate neglects any

t t
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Fig. 1 Pressure Diffcrences Caused by Stack Effect
for a Typical Structure (Heating). (Arrows indicate
magnitude and direction of pressure difference.)

P<P,
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resistance to airflow within the structu:e. Thereforr. in a one-story
house with an 8 {t ceiling, an NPL of one-half the building height,
and a temperature difference of 45 °R, the stack pressure will be
only 0.005 in. of water at the ceiling and floor. [n a tali building
(e.3., 20 stories of 13 ft each) with no inzernal resistance to airflow,
the stack pressure under these same conditions will be 0.!8 in. of
water.

The location of the NPL at zero wind speed depeads on the ver-
tical distribution of openings in the shell, the resistance of the
openings to airflow, and the resistance to verticai airflow within
the building. If the openings are uniformliy distributed vertically
and thcre is no internal airflow resistance, the NPL is at the
midheight of the building (Figure 1). If there is oniy one opcning,
or an extremely large opening relative to any others, the NPL is
at or near the center ol this opening. Foster and Downs {1937)
studied the location of the NPL as it relates to natural ventilation
in a building with only twe openings.

Internal partitions, stairwells, elevator shatts, utility ducts,
chimneys, vents, and mechanical supply and exhaust systems,
complicate the analysis of NPL locations. Chimneys and open-
ings at or above roof height, raise the NPL in small buildings, Ex-
haust systems increase the height of the NPL; outdoor zir supply
systems lower it.

Availabie data on the NPL in various kinds of buildings is
limited. The NPL in tall buildings varies from 0.3 t0 0.7 of total
building height (Tamura and Wilson 1966 and 1967a). For houses,
especially houses with chimneys, the NPL is usuaily above
midheight. Operating a combustion heat soutrce with a lue raises
the NPL further. sometimes above the ceiling (Shaw and Brown
1982).

Equation (9) provides a maximum stack pressure difference,
given no internal airflow resistance. The sum of the pressure dif-
ferences across the exterior wall at the bottom and top of the
building, as calculated by Equation (9), equals the total theoretical
draft for the building. The sum of the actual top and bottom
pressure differences, divided by the total theoretical draft, equals
the thermal drast coefficient. The value of the thermal draft coef-
ficient depends on the airflow resistance of the exterior walls
relative to the airflow resistance between floors. For a building
without internal partitions. the total theoretical draft is achieved
across the exterior walls (Figure 2A), and the thermal drait coef.
ficient equals 1. In a building with airtight separations at each
floor. each story acts independently, its own stack effect being
unatfected by that of any other floor (Figure 2B). The ratio of the
actual to the theoretical drait is minimized in this case.

Real multistory buildings are neither open inside (Figure 2A),
nor airtight between stories (Figure 2B). Vertical air passages,
stairwells, elevators, and other service shafts allow airflow between
floors. Figure 2C represents a heated building with uniform open-
ings in the exterior wall, through each floor, and into the vertical
shaft at each story. Between floors, the slope of the line represen-
ting the inside pressure is the same as that shown in Figure 24, and
the discontinuity ac each floor (Figure 2B) represents the pressure
difference across it. Towal stack effect for the building remains the
same, but some of the total pressure difference maintains flow
through openings in the floors and vertical shafts. As a result, the
pressure difference across the exterior wall at any level is less than
it would be with no internal flow resistance.

Maintaining airtightness between floors and from floors to ver-
tical shafts is a means of controiling indoor-outdoor pressure dif-
ferences, and therefore infiltration. Good separation is also con-
ducive to the proper operation of mechancial ventilation and
smoke control systems. Tamura and Wilson (1967b) showed that
when verticai shaft leakage is at least two times the envelope

®
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leakage, the thermal draft coefTicient is atmost 1. Openings in
flcors are less effective in providing comtnunication between
floors; as the building height increases, they become even less ef-
fective. Measurements of pressure differences in three tall office
buildings by Tamura and Wilson {1967a) indicated that the ther-
mal draft coeffcient ranged from 0.8 to 0.9 with the ventilation
systems off.

Mechanical Systems

Changes in pressure differences and airflow rates caused by
mechanical equipment are unpredictable unless the location of
each opening in the envelope and the relationship between pressure
difference and airflow rate for each opening are known. The in-
teraction of mechanical ventilation system operation and envelope
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airtightriess has becn discussed for low-rite buildings (Nylund
1980) 2nd for office buiidings (Tamura and Wilson 1966 and
1967b, Parsily and Grot 1955a).

Air exhausted from a building must be balanced by increasing
the airflow into the building through other openings. [n this situa-
tion the NPL rises, and the airflow at some locations changes
direction from outflows to inflows (in the winter). Thus the effects
2 mechanical system has on a building must be considered.
Depressurization caused by an imnprogerly designed system can
increase radon entry rates into a building and interfers with the
proper operation of combustion device venting or other exhaust
sysiems, Overpressurization ¢an force moist indoor air through
the building envelope and, in cold climates, moisture may con-
dense within the building envelope. _ '

The interaction between mechanical systems and the building
envelope aiso holds tor systems serving zones of buiidings. The
performance of zone-specific exhaust or pressurization systems
is affected by the leakage in zone partitions, as well 2s in exterior
walls.

Building envelope airtightness and interzone airtlow resistance
can also affect the performance of mechanical systems. The ac-
tual airflow rate delivered by these systems, parzicularly ventila-
tion systens, depends on the pressure that they work against. This
effect is the same as the interaction of a fan with its associated
ductwork discussed in Chapter 32 (Duct Design) and Chapter 3
in the 1988 EQUIPMENT Volume. The building envelope and its
leakage can be considered part of the ductwork in determining the
pressure drop of the system,

Combining Driving Forces

The pressure differences just discussed are considered in com-
bination by adding them togeiher and determining the airflow rate
through each opening due to this total pressure difference. Becavse
the airflow rate through these openings is not linearly related to
pressure difference, the driving forces must be combined in this
manner, as oppos:d to adding the airflow rates due to the separate
driving forces.

Figure 3 qualitatively shows the addition of driving forces for
a building with uniform openings above and beiow midheight and
without significant internal resistance to airflow, The siopes of the
pressure lines are functicns of the densities of the indoor and out-
door air. In Figure 3A, with inside air warmer than outside, and
pressure differences caused solely by thermal forces, the NPL is
at midheight, with inflow through lower openings and outflow
through higher openings. A chimney or mechanical exhaust
decreases the inside pressure and shifts the inside pressure line to
the left, raising the NPL: an excess of outdoor supply air over ex-
haust would lower ii. Figure 3B shows qualitative pressure dif-
ferences caused by wind alone, with the effect on windward and
leeward sides equal but opposite. When both the temperature dif-
ference and wind effects both act, the pressures due to each are
added together to determine the total pressure difference across
the building envelope. Figure 3C shows the combination where the
wind force of Figure 3B has just balanced the thermai force of
Figure 3A, causing no pressure difference at the top windward or
bottom leeward side. Total airtlow is similar to that with the wind
acting alone, but significantly larger than the airilow due only 1o
the stack effect.

The relative importance of the wind and stack pressures in a
building depends on building height, internal resistance to vertical
airflow, local terrain, and the immediate shielding of the building.
The taller the building and the lesser the internal resistance to
airflow, the stronger the stack effect. The more exposed a building,
the more susceptible it will be to wind. For any building, there will
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be ranges of wind speed and temperaiure difference for which the
tuilding’s infiltration is dominated by the stack effect, the wind,
or & reghne {n which the driving pressures of both must be con-
sidered {Sincen 1978). The above factors determine, for specific
values of remperature difference and wind speed, in which regime
the building's infilcration lies.

The cffect of mechanical venuilation on envelope pressure dif-
ferznces is more complex and depends on the direction of the ven-
tilation flow (exhaust or supply) and differences in these ventila-
tion {lows among the zones of the building. [ mechanically sup-
plied outdoor air is provided uniformly to each story, the change
in the exterior wall pressure difference pattern from thermal
pressures is uriform. With a nonuniform supply of outdoor air
(for eampie, tw one story only), the extent of pressurization varies
from stery to story and depends on the internal airflow resistance.
Pressurizing all levels uniformly has little effect on the pressure
differences across floors and vertical shaft enclosures, but
pressurizing individual stories increases the pressure drop across
these internal separations. Pressurization of the ground leve] is
often used in tall buildings to reduce the stack pressures across
entries.

Various ruies have been proposed for combining the inflitration
due t0 stack and wind pressures, as well as mechanical ventilation
airflow rates. One model to compute the total airflow rate is bas-
ed on the rate being proportional to the square root of the pressure
difference, and is given by:

Qus = (@3 + 0% 10)
where

Que = infiltration from both wind and stack effects, cfm
Q. = inflitration from the wind, cfm
Q, = infiltration from the stack effect, cfm
Shaw and Tamura (1977) used a computer model that calculates
infiltration in high-rise buildings to develop the following alter-
nate expression for the total infiltration:

Qus/Cmeax = 1 + 024 (Qpmin/! me)"" an

where Qpgy and Qp,,, are the maximum and minimum of the
wind- and stack-induced infiltration rates, respectively. Equation

1989 Fundamentals Handbook

Additional terms for ventilation flow are needed when
mechanical sysiems are used. Balanced mechanical systems do not
change the interior pressure in the building. as long as they supply
to and exhaus: from =zach zone of the building 2t an equal rate;
therefore, they ure simply added to the other terms. Unbalanced
flows changs the huilding pressure distribution, and Sherman and
Grimsrud (1980) supgested that they be added in quadrature.
Equations (12) througt: (14} summarize these rules (Sherman and
vodera 1956):

Superposition:
Q = Quat + (Qinbat + Q2s)®* a2
Balanced (additional) veatilation:
Qs = minimum of (Q oy, Qe.r;'wuu) 13

Unbalanced (additional) ventilation:
Q unbar = maximum of (Q suppiy, Qexhausd — Qoar  (19)

Levins (1982) and Kiel and Wilson (1987) further discuss tie
combination of mechanical venti'ation airtlow rates with naturally

" induced infiltration rates.

Shaw and Brown (1982) compared air infiltration in identical
homes, with and without a gas furnace, with a chimney. Figure 4
shows the effects of exfiltration through the chimney and ceiling
with and without the gas furnace, and aiso the impact of the
chimney on the NPL.

AIRFLOW THROUGH OPENINGS

The relationship between the airflow ¢ through an opening in
the building envelope and the pressure difference 4p across it is
called the leakage funct’ »n of the opening. The form of the
leakage function depends on the geometry of the opening.
Background material relevant to leakage functions may be found
in Chapter 2, Hopkins and Hansford (1974), Etheridge (1977),
Kronvall (1980a), and Chastain ez al. (1987).

The fundamental equation for the airflow rate through 2n open-
ing is:

10) nya a slightly larger estimate of tota’*  iitration than does )
Equation (11). Q=C,CpAV228p/ @ (15)
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" where

Q = airflow mte, cfm
Cp = discharge coefficient for the opening _

A = cross-sectional area of the opening, ft*

@ = air density, 1b/00
4p = pressure difference across opening, in. of water
Cj = conversion factor = 776

The discharge coefficient Cp is a dimensionless number that
mdepenn ds on the opening geometry and the Reynolds number of

e flow. ~

Airflow through constant area ducts is well characterized, At
sufficiently low Reynolds numbers, the fluid velocity varies only
in the direction perpendicular to the flow, and the flow may be
visualized as many sheets or laminae flowing parallel to the duct
walls. Thus, this type of flow is referred to as laminar. [n laminar
flow, Cp depends on the square root of the pressure difference;
therefore Q is praportional to Ap. At large Revnolds nurmnbers, the
flow becomes turbulent. The velocity at a given point fluctuates
rapidly and at randorm, even if the net flow rate is constant. In tur-
bulent flow, the discharge coefficient is constant and therefore the
flow Q is proportional to vV 3p.

The case of fully developed flow impinging on a hole or orifice
in a thin plate is also described by Equation (15). Again, for a suf-

" ficiently large value of the Reynolds number, the discharge coef-

ficient is constant. The value of Cp for an orifice depends on
Reynolds number and the relative areas of the orifice and the duct

.. in which the orifice is placed.

This discussion of laminar and turbulent flow applies to con-
stant area ducts and orifices in such ducts. The openings in a
building envelope are much less uniform in geometry. Generally,
the flew never becomes fully develop2d, thereby preventing the ap-
plicability of the simple relations between Q and Ap. Each open-
ing in the building envelope can still be described by Equarion (15),
where A is an average cross-sectional area and Cp depends on
opening geometry and the pressure difference across it. Equation
(16) is sometimes used instead;

Q =c(ap) (16)

- where

¢ = flow coefficient, cfm/(in. of water)”
a = flow exponent, dimensionless

Equation (16) only approximates the relationship between Q
anc Ap. In fact, the values of c and n depend on the range of Ap
over which Equation (16) is applied. Honma (1975) measured Q
as a function of Ap for several simple openings, and the measured
data were fit to Equation (16). The cracks with larger flow
resistances, ie., greater depths or narrower widths, tended to have
an exponent » closer to | than did gaps with less resistance. For
openings in the shell of a building, the value of n depends on the
opening geomerry, as weil as on entrance and exit effects.

The combination of all the openings in a building’s envelope
produces a relationship between pressure difference and airflow
rate for the whole buiiding and is referred 1o as the air leakage of
the building.

The air leakage of a building can be measured (as described in
the section on air leakage) and is a physical property of the
building 2nvelope that dependson the envelope design, construc-
tion, and detcrioration over time. A building’s air leakage is
measured by imposing a uniform pressure difference over the en«
tire building envelope and measuring the airflow rate required to
mainwin this difference. Such a distribution of envelope pressures
never occurs naturally, but it does provide a useful measure of the
airtightriess of a building.
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NATURAL VENTILATION FLOW RATES

Natural ventilation can effectively control both temperature and
contaminants, particularly in miid climates. Temperature control
by natural ventilation is often the only means of providing cool-
ing when mechanical air conditioning is not availabie. The ar-
rangement, location, and controi of ventilation openings should
combine the driving forces of wind and temperaturs to achieve a
desired ventilation rate and good distribution of ventilation air
through the building.

Natural Ventilation Openings

Narturai ventilation openings include: (1) windows, doors,
monitor openings, and skylights; (2) roof ventilators; (3) stacks
connecting to registers; and (4) specially designed inlet or outler
openings.

Windows transmit iight and provide ventilation when open.
They may open by sliding vertically or horizontally; by tiitiag on
horizontal pivots at or near the center; or by swinging on pivots
at the top, bottom, or side. The type of pivoting used is important
for weather protection and airflow rate.

Roof ventilators provide a weatherproof air outlet. Capacity is
determined by the ventilator’s location on the roof’ the resistance
the ventilator and its ductwork offer to airflow; its ability to use
kinetic wind energy to induce flow by centrifugal or ejector action;
and the height of the draft.

Natural draft or gravity roof ventilators can be stationary,
pivoting, oscillating, or rotating. Selection criteria include rug-
gedness, corrosion resistance, stormproofing features, dampers
and operating mechanisms, noise, cost. and maintenance. Natural
ventilators can be supplemented with power-driven supply fans;
the motors need only be energized when the natural exhaust
capacity is too low. Gravity ventilators can have manual dampers
or dampers controlled by thermostat or wind velocity.
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A mof ventilator should be positioned so that it reveives the full,
uaresteicted wind. Turbulence created by surrounding obstruc-
tions. including higher adjacent buildings, impairs a ventilator’s
ejector action. The ventilator inlet should be conicai or bell
mounted to give a high flow coefTicient. The opening area at the
inler should be increased if screens, grilles, or ather strucrural
members cause flow resistance. Building air injets at lower levels
should be larger than the combined throat arexs of all roof
veniilators.

Stacks or vertical flues should be located where wind can act
on them from any direction. Without wind, stack effect alone
temoves air from the room with the inlets.

Required Flow

The ventilation airflow rate required to remove a given amount
of heat from a building can be calculated from Equation (17) if
the quantity of heat to be removed and the indoor-outdoor
temperature difference are kniown.

Q= H/epati=1o) a7
where
Q = airflow rate required to remove heat, cfm
H = heat to be removed, Btu/min
¢y = specific heat of air, Biu/1b,, °F (sboux C.24)

@ = air density, [b,/0t) (xbout 0.075)
& = lo = indoor-outdoor iemperature differcnce, F

Flow Caused by Wind

Factors tiat affect the ventilarion rate due to wind forces include
average speed, prevailing direction, seasonal and daily veriation
in speed and direction, and local obstructions such as ncarby
buildings, hiils, trees, and shrubbery.

Wind speeds are usually lower in summer than in winter; direc-
tional frequency is aiso a function of season. There are relatively
few places where speed falls below half the average for more than
a few hours a month. Therefore, natural ventilation systems are
often designed for wind speeds of one-half the seasonal average.
Equation (18) shows the quantity of air forced through ventilation
inlet openings by wind or determines the proper size of openings
to produce given airflow rates:

L

T

2 3 4 3
RATIO OF QUTLET TO INLET OR VICE-VERSA

Fig. 5 Increase in Flow Caused by Excess
of One Opcning Over Another
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Q= CCA, ) {18
‘/’ y .‘,--':.\\
Q =~ sirtTow rate, cfm . /’/QP ’m
A = free area of inlet openings, fi-
v = wind speed, mph

C, = effectiveness of openings (C, is assumed to be 0.5 10 0.6

for perpendicular winds and 0,25 10 0.35 for

diagonai winds)
€, = unit conversion factor = 38.0

Iniets shouid face directly into the porvailing wind. If they are
not advantageously placed, flow will be less than thay in the equa-
tion; if unusually well-piaced, flow wil’ be sLighrly torz. Dasirable
outlet locations are (1) on the lesward side 2f the buillding dicsotly
opposite the inlet, (2) on the mof, in rixe fow-nressure aveu caused
by a flow discontinuity of the wind. (1} on tise side adjacent te the
windward face where low-pressure areas occur, (4) in a moniwor
on the leeward side. (%) in roof vendilators, or (6) by stacks. Chaprer
14 gives a general description of the wind pressure distribution on
a building, which relates to inlet location.

Flow Caused by Thermal Forces

if building internal resistancx i not signifizanc. the flow caus-
ed by stack effect can be expressed b

{ Q - 0K~ [228h s it = C,)/@

(19)
voca)
I 3%

- A—n-.r--‘ - ro- w

Equation (19) applies when ¢; > 1, {f ., < ¢, eplace §in the
denominator with ¢, and repiace (¢, — ¢} inthe nusmernator witn ™=
(1, = 1. If the building has more than one opening, the outler
and inlet areas are considered equal. The discharge coefficient £
accounts for all viscous effects such as surface drag and interfacial
mixing.

Calcuiating ks is difficult. If one window or door repre-
sents a large fraction (approximately 90%) of the total opening
area in the envelope, the NPL is at the midheight of chat aperture,
-and Ahwnpy equals to one-half its height. For this condition. flow
through the opening is bidirectional. Le., air from the warmer side
flows through the top of the opening, and air from the colder cide
flows through the bottom. [nterfacial mixing occurs across the
counterflow interface, and the orifice coefficient can be calculited
according to:

where
Q = uirflow rate, cfm
K = discharge coefficicnt for opening
Ahyp, = height from lower opening to NP

K = 0.40 + 0.0025 |¢; - ] {20)

If enough other Gpenings are available, the airflow thyough the
opening will be unidirectional and mixing cannot occur. A
discharge coefTicient of X = 0.65 should then be used. Additional
information on stack-driven airflows for natural ventilation can
be found in Foster and Down (1987).

Greatest flow per unit area of openings is obtained when inlets
and outlets are equal; Equations (18) and (19) are based on this
equality. Increasing the outlet area aver inlet area. or vice versa,
increases airflow but not in proportion to the added area. When
openings are unequal, use the smaller area in the equations and !
add the increase, as determined from Figure 5. *

-

Natural Ventilation Guidelines

Several general guidelines should be observed in designing for
natural ventilation. Some of these may contlict with other climate-
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respansive suraregies (such as arieniation and shading devices to

tiinimize solar gain) or wher design considerations,

41 1n ke, humid climages, maximizs aiv velocities in the occupied
zones for bodily cooling. In hot, arid climates, maximize
airflow throughout the building for structural cooling, par-
ticularly 3¢ night when temperatures are low.

(2} Tuke acdvantage of topography, landscaping, and surrounding
buildings 10 redirect wirflow and give maximum exposure to
breezes. Use vegetation to funne! breezes and avoid wind dams,
which reduce the driving pressure differential around the
building. Site obierts should not obstruct inlet openings.

. {3) Shape the building to expose maxisnum surface arca to breezes.

(8) Use wxhitscmuczl clements such as wingwalls, parapets. and
averhangs to premote 2irflow into the building interior.

{5) The long facsde of the building and the majority of the door

¢ and window openings should be oriented with respect to the

preveiling summer breezes, If there is no prevailing direction,
openings shouid be sufficient to provide ventilation regardless
of wind direction.

{6) Windows should be located in opposing pressure zones. Two
openings on opposite sides of a space increase the ventilation
flow. Openings on adjacent sides force air to change direction,
providing ventilation to a greater area. The benefits of the win-
dow arrangement depend on the outlet location relative to the
direction of the inlet airstream.

(7) If a room has only one external wall, better airflow is achieved
with two widely spaced windows.

(8) If the openings are at the same level and near the ceiling, much
of the flow may bypass the occupied level and be ineffective in
diluting contaminants there.

(9) The stack effect requires vertical distance between openings to
take advantage of the stack effect; the greater the vertical
distance, the greater the ventilation.

‘ (10) Openings in the vicinity cf the NPL are least effective for ther-

mally induced ventilation. If the building has only one open-
ing, the NPL tends to move to that level, which reduces the
pressure across the opening.

(11) Greatest flow per unit area of total opening is obtained by inlet
and outlet openings of nearly equal areas. An inlet window
smaller that the outlet creates higher inlet velocities. An outlet
smaller than the inlet creates lower but more uniform air speed
through the rocm.

(12) Openings with areas much larger than calcuiated are
sometimes desirable when anticipating increased occupancy
or very hct weather.

(13) Horizontal windows are generally better than square or ver-
tical windows. They produce more airflow over a wider range
of wind directions and are most beneficial in locations where
prevailing wind patterns shift.

(14) Window openings should be accessible to and operable by
occupants.

(15) Inlet openings should not be obstructed by indoor partitions.
Purtitions can be placed to spiit and redirect airflow, but should
not restrict flow between the building’s inlets and cutlets.

(16) Vertical airshafts or open staircases can be used to increase
and take advantage of stack effects. However, enclosed stair-
cases intended for evacuation during a fire should not be used

- for ventilation.

INFILTRATION

Although the terms infiltration and air leakage are sometimes
used synonymousiy, they are different, though related, quantities.
Infiltration is the rate of uncontrolled air exchange through

. unintentional openings that occurs under given conditions, while
air leakage is a measure of the airtightness of the building shell.
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The greater the air leakage of a building, the greater its infiltra-
tion raie, 21l else (*veather, exposure, and building gecmetry) be-
ing equal.

Infiltration may be reduced either by reducing the surface
pressures driving the flow, or reducing the air leakage of the shell.
Sut face pressures caused by the wind can be reduced by changing
the landscaning in the vicinity of the buiilding (Mattingly and
Feters 1977). Stack pressures can be reduced by increasing the
airflow resis;ance between floors and from floors to any vertical
shafts within the building, although this is almost exclusively an
issue in tall buildings.

The infiltration rate of an individual building depends on
weather conditions, equipment operation. and occupant activities.
The rate can vary by a factor of five from weather effects alone
(Malik 1973). When associating a building with an infiliration
rate, it is important to provide the corresponding weather condi-
tions and equipment status, or to describe it as a seasonal or an-
nual average.

Typical infiltration values in housing in North America vary by
a factor of about ten, from tight housing with seasonal average
air change rates of about 0.2 per hour to housing with air exchange
rates as great as 2.0 per hour. Figures 6 and 7 show histograms of

—
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infiltration rates measured in two different samples of North
American housing (Grimsrud er a/. 1982, Grot and Clark 1979),
Flgure 6 shows the average seasonal infiltration of 312 houses
located in differen: areas in North America. The median inflltra-
ton valus of this sample is 0.5 air changes per hour (ach). Figure
7 represents measurcments in 266 houses located it 16 cities in the
United States. The median value of this sample is 0.90 ach. The
group of heuses contained in the Figure § sample is biased toward
new cnergy-efficient houses, while the group in Figure 7 represents
oldar, low-income housing in the United States. While these donot
represent random samples of North American housing, they in-
dicaze the distribution of inflltrution rates expected in a group of

The infiltration valuey listed are appropriate for unoccupied
struetures. Aithough occupancy influences have not been
meassured directly, Desrochers and Scort (1985) estimate they add
an average of 0.10 to 0.15 ach to unoccupied vaiues.

Grot and Persily (1986) found eight recently construcred office
buildings had inffltration rates ranging from 0.1 tc 0.6 air changes
per hour with no outdoor air intake. The infiltration rates of these
buildings exhibited varying degrees of weather densadence,
genenally much lower than thit measured in touses.

AIR EXCHANGE MEASUREMENT

The only reliablc way to determine the air exchange rate of a
building is to measure it. Several tracer gas measuremestt pro-
cedures exist, all involving an inert or nonreactive ges uged to labai
theindoor air (Hunt 1980, Sherman et o/, 1980, Masrie et 2/. 1981,
Lagus and Persily 1985, Persily 1988). The tracer is released into
the building in a specified manner, and the coacentration of the
tracer within the building is monitored anc rlsted 1o the building’s
air exchange rate. A variety of tracer gases, and associxted con-
centration detection devices, have been used. Desirable qualities
of a tracer gas are detectability, nonreactivity, nontoxicity, and
relatively low concentration in ambient air (Hunt 1980).

All tracer gas measurement techniques are based on a mass
balance of the tracer gas within the building. Asstming the out-
door concentration is zero, this mass balance takes the form:

Wdc/d8) = F(§) - Q(8)c(8) {21
where

V = volume of space being tested, ft’
¢(0) = tracer gas concentration at time 8
dc/d® = time rate of change of concentration. min !
(1) = tracer gas injection rate a time §, cfm
Q(t) = airflow rate out of the building at time 6, ¢fm
# = rime, min

In Equation (1) density differences between indoor and out-
door air are generally ignored; therefore Q also refers to the airflow
rate into the building. While Q is often referred to as the infiitra-
tion rate, any measurement includes both mechanical and natural
ventilation in addition to envelope infiltration. The ratio of the
air exchange rate Q to the volume being tested ¥ has units of
volume/time (often converted to ach) and is called the air change
rae l.

Equarion (21) is based on the assumption that airflow out of the
building is the dominant process removing the tracer gas from the
space, ie, the tracer gas does not react chemically within the space
and is not absorbed onto interior surfaces. It is also based on the
assumption that the tracer gas concentration within the building
can be represented by a single value, ie., the tracer gas concentra-
tion is uniform within the space. Three different tracer gas pro-
cedures are used to measure air exchange rates: (1) decay, (2) con-
stant concentration, and (3) constant injection.
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Decay

The simplest tracer gas measurement technique is the decay
method, which is & standardized procedure (ASTM 1983). Inthe
decay method, a small amount of tracer gas is injected into the
space and is allowed to mix with the interior air. After the injec-
tion, £ = 0 and the solurion 10 Equation (21) is:

«(6) = coe="®
where ¢, is the concentration at 6 = 0.

Equation (22) is generaily used to solve for / by measuring the
tracer gas corcentraticn periodically during the decay and fitting
the data to the log form of Equation (22):

nc(f) = Inc, -8 23)

As with all tracer gas techniques. the tracer gas decay method
has advantages and disadvantages. The aavanuages include the
fact that Equation (22) is an exact solution o the tiacer gas mass
balance equation. Also, becaus: logarithms of conceatration are
taken, only relative concentrations are nesded, which can simplify
the calibration of the concentration-measuring equipment. Final-
ly, the tracer gas injection rate aeed not be measured, although it
tnust be conmroiled so that the tracer gas concentrations are within
the range of the concentration-m: suring device. The concentration-
measuring equipment can be located on site, or building samples
can be collected in suitable containers and analyzed elsewhere,

The most serious problem with the decay technique is imperfect
mixing of the tracer gas with the interior air, both at initiai injec-
tion and during the decay. Equations (21) and (22) empioy the
assumption that the tracer gas concentration within the building
is uniform. If the tracer is not well mixed, this assumption is not
appropriate and the determination of [ will be subject to errors.
It is difficult to estimate the magnitude of the errors due to poor
mixing, and little analysis of this problem has been done.

@)

Constant Concentration

In the constant concentration technique, the tracer gas injec-
tion rate is adjusted to maintain a constant concentration within
the building. If the concentration is truly constant, then Equation
(21) reduces to:

Q)= F@)/c . (29)

There s less experience with this technique than with the decay
procedure, but several applications do exist (Kumar er al. 1979,
Collet 1981, Bohac er al. 1985).

Because the tracer gas injection is continuous, it requires no in-
itial mixing period. Another advantage is that the tracer concen-
tration in each zone of the building can be separately controlled
by injecting into each zone; thus, the amount of outdoor air flow-
ing into each zone can be determined. This procedure has the
disadvantage of requiring the measurement of absolute tracer con-
centrations and injection rates. Also, imperfect mixing of the
tracer and the interior air causes a delay in the response of the con-
centration to changes in the injection rate. This delay in concen-
tration response, makes it impossibie to keep the concentration
constant, and therefore Equation (24) is only an approximation.
The magnitude of these errors have not been well examined.

Concstant Injection

In the constant injection procedure, the tracer is injected ata
constant rate and the sofution to Equation (21) becomes:

c() = (F/g)(1 = e ™ (25)

®
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After suiTicient time, the rzasient term reduces to zero, the con-
cenrration actains equitibrium, and Equation (25) reduces to:

QmF/c (26)

This relation {s valid caly when the air exchange rate is cons-
tant; thus this technique is appropriate for syscems at or near
equiiibrium. it is parucularly useful in spaces with mechanical
ventilation or with high air exchange rates. Constant injectinn re-
quires the measurement of absolute concentrations and injection
rates.

Dietz ¢t al. (1986) introduced a special case of the constant in-
jection technique, This technique uses permeation tubes as a tracer
gas source. The tubes reiease the tracer at an ideally constan: rate
into the building bring tested. A sampling tube packed with an ad-
sorbent collucts the tracer from the interior air at a constant rate
by diffusion. After a sampling period of one week or more, the
sampler is cemoved and analyzed to determine the average tracer
gs concerviration within the building during the sampling period.

Solvl..g Equation (21) for ¢ and taking the ime average gives

ha !
D> w~—D> a F{=—> @7
Q Q

where < . . . > desowes time average. (Note that the time average
of dc/d8 is assumed to equal zero.)

Equation (27) shows that the average tracer concentration and
the injection razz can be used to calculate the average of the inverse
air exchange rate, The average of the inverse is less than the actual
sverage, with the magnitude of this differsnce depending on the
distribution of air exchange rates during the measurement period.
Sherman and Wilson (1986) calculated these differences to be
about 20% for one-month averaging periods. Differences greater
than 30% have been measured when there were large changes in
air exchange rate due to occupant airing of houses; errors from
§ to 30% were measured when the variation was due to weather
effects (Bohac e al. 1987). Longer averaging periods and large
changes in air exchange rates during the measurement periods
generally lend to larger differences between the average inverse ex-
change rate and the actual average rate.

AIR LEAKAGE

The air leakage of a building characterizes the relationship het-
ween the pressure difference across the building envelope and the
airflow rate through the envelope. Building air leakage is a physical
property of a building and is determined by its design, construc-
tion, seasonal effects, and deterioration over time. Although air-
tightness is just one factor in determining the air exchange rate of
a building, it is useful for comparing buildings to one another or
to airtightness standards, for evaluating design and construction
quality, and for studying the effectiveness of airtightening
retrofits. No simple relationship exists between a building's air
leakage and its air exchange rate, but calculation methods do exist
(sec Calculating Air Exchange).

Measurement

While tracer gas measurement procedures provide building air
exchange rates, they are somewhat expensive and time-consuming.
In many cases it is sufficient, or preferable, to measure the air
leakage of a building with pressurization testing (Stricker 1975,
Tamura 1975, Kronvall 1978, Blomsterberg and Harrje 1979). Fan
pressurization is relatively quick and inexpensive and characterizes
building envelope airtightness independent of weather conditions.
In this procedure, a large fan or blower is mounted in a door or
window and induces a large and roughly uniform pressure dif-
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ference across the buiiding shell (CGSB 1986, ASTM 1987). The
airflow required to maintain s pressure dif{ference is then
measured. The leakier the building, the more air{low is necessary
to induce a specific indoor-outdost pressure difference. The
airflow rate is generally measured ai a s¢rizs of pressire differences
ranging fromn aboui 0.04 10 0.30 in. 0F warer,

The resulis of a pressurization test, theretore, consis: of several
combinations of pressur= difference and airflow rate. Ar evam-
ple of typical data is shown in Figure 8. These data poin:s
characterize the air leakage of a building and are genenlly con-
veried to & single value that serves as a measure of the building's
airtightness. There are several different measures of airtighcness,
and mos* of them involve fitting the data (o a curve in the form
of Equaticn (1€), ie, Q = cip”". Theairtightness rarings are bas-
ed on airflow rates predicted at particular reference pressures by
Equation {6. The basic difference between the different air-
tightness ratings is the value of the reference pressure.

In some cases, the predicted airflow rate is converted to an
equivalent or effective lcakage area by rearranging Equation (15)
iato the following forma:

L = Cyr. (/2" / Cp (29)

where

L = equivalen: or effective leakage area, in®
Ap, = reference pressure difference, in. of water
q, = predicted airfiow rate at Ag, (from a curve fit to the
pressurization test data), ¢im
Cp = discharge coefficient
Cs = unit conversion factor = 0.186
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Fig. 8 Airflow Rate Versus Pressure Difference Data
from a1 Whole House Pressurization Test
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By «:pmhﬂms L. all the apenings in the building sheli srecom-
bine! inty an gvarnil opening arex and discherge soetlicient for
the duflding. Some users of tie lenkage arco approach set the
discharge coefficient equal to 1. Others c2: Cp%0.6, iz, the
discherge coufficient for a snarp-adged orifice. The leakage ures
of a building is therefore the area of an orifice (with an assumed
valua of Cpy) that would produce the seme 2mouni of leakage ks
the building eavelope at the reference pressure.

Whather an airtightness rating based on lezkage area or a
predicred airflow raze is used. either quantity s generuily normaliz-
ed by sume facror to scconnt for building size. These normaiiz-
ﬁo'n factors incluce floor ares, extetior enveiope ares, and building
wiume.

With the wide varivty of possible approaches to normaltizazion
and reference oressuie, and e use of the izakage area concept,
many different airtighiness ratings are being uged. Reference
pressuze differences in use include 0.016, 0,04, G.10, 0,20, and 0.30
in. of water, Feference oressures of 0.016 and 0.04 i, of water are
advoreated becanse tigy ar closer vo the pressures chat actually in-
duce air exchavgs While this may be true, they ars outside the
range of measured values in the west; therefore the predicted
airflow rass ae 3,016 or €.04 . of water are subjeet to significant
uncerigisky. The uncertainty in these predicted sirflow raies and
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Fig. 9 Comparison of Pressurization Test Resuits
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the implications for quancifying airtighmess are discussed in Ber.
sily and Crog (1985b).

Some common airtighimess ratings inciude the effective [2akage
grea at 0.016 in. of waser assuming Cp =~ 1.0 (Shermsn and
Grimsrud 1980); the squivalent leakage area ar 0.04 in. of vacer
assuming & = 0.6{1 (CGSB 1986); and the 2irflow rate a1 0.20
in. of water, divided by the building volume G give units of air
changes per hour (Rlomsterderg and Harrje 1979), :

Leakage areas at one reference pressure can be converted to
leakage areas at some other reference pressure sccording to:

""f'..: - L': 1 (CDJ /C& 1) (‘ﬁp,;;/bp,, l)”"o', (29)
waare
L, = ‘eakage area at reference pressure 4 9, |, in”
L, > = leakage areo at reference pressure 8.9, » in®
Cp i ™ discharge coctticienr used 1o calculace £,
Cp : = diseharge coefliziant used to calolare L. ;
n = [low exponreni

A leakage area 3t one reference pressure can be converted o an
airflow e at some other reforencs pressure accerding to:

Q.2 ™ G Ce Ly, (270 (ap, )™M (Ap, " €30)

where
g,z ™ Wrilow mte at reference pressure Ag, 2, efm
V3 P,
L, , = leakage area at reference pressure, in®

Cp, = discharge coefiicient used 1o calculane L,
€y = conversion {actor w 3.39

Finaily, one may convert & leakage area o a flow coelficient in
Eauarion (16) according to:

¢ m CyCp L (2/Q)% (Ap)i/3~" 31

where
¢ = {los coefficient, ofm / fin. of waier)”
Cp = dischange coeflcient used 1 cdoulae £
£ = lzakage area ac referenice pressure Ap,
(", w conversion factor = 3.3%

Equations (29) through (31) require the assumpion of a vaiue
of n, ualess it is reporied with the measuresnent results, When fit-
ting precsurization test deta to Equation (16, the value of a
g:nerally iies between 0.6 2nd 0.7. Therefore, using & vajue of
in this ange s reasonable

Fan pressurization measures a property of & building that
ideally varies little with time 2nd weather conditions. Io reality,
uniess the wind and tempernture difierenice during the measun:-
ment period are sufficientiy inild, the pressure diffeiences they in-
duce during the test will intertere with the cest pressuves and cause
measurement ecrors. Persily (1982) presents an evperimental studs'
of the effects of wind speed on pressurizaticen test results. Several
experimental studies bave also shown variations on the order of
2010 40%e over a year in the muasured sirtighiness in homes (Per-
sily 1982, Kimn and Shaw 1988, Warren and %4&bb 1986).

Figure 9 shows several pressurization resi, results for residential
buildings (Persily 1986). These resuits are it units of air changes
¢er houe at 0.20 in. of water, and show tic wide range in ait-
tightness among houses, even houses of identical design. The
passive solar ond energy-efficient data also show that houses that
might be expected to be relatively airtight are niou necessarily that
tight. The houses in Sweden—which have 3 tesidential building
airtightness standard of § air changes per hour at 0.20in of water
for singie-family detached houses (Swedish Building Code
1980)—are excepiionally tight, as are the houses in Canada.

ASHRAE Standard 119 (1988) establishes air leakage pertor-
mance levels for residential buildings These levels arc in terms of
the normalized leakage L,: :




A

“,
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L, w Cg(LiA) (FI/H )% (32

ere
.l. = effective leakage area at 0.016 in. of water (Cp = 1.0), in.?

A = floor area, ft’

H = building height, it

H, w= veference height of one-story building = 8 ft
Cy = conversiun factor = 6.94

Table 2 presents the leakage classes of Standard 119. The values
of L, in this table correspond approximatesly to building air ex-
change rates in units of air changes per hour. The standard
specifies appropriate leakage classes for a building based on
climate.

Persily and Grot (19835) ran whole building pressurization tests
in large office buildings, which showed pressurization airflow rate
divided by the building volume is reiatively low compared to that
of houses. However, if these airflow rates are normalized by
building envelope area instead of by volume, the results indicate
envelope airtightness levels similar to typical American houses.

Air Leakage of Building Components

The fan pressurization procedure discussed earlier enables the
» easurement of whole building air leakage The location and size
+».'individual openings in building envelopes arc extremely impor-
tant, as they influence the air infiltration rate of a building as well
as the heat and moisture transfer characteristics of the enveiope.
Additional test procedures exist for pressure testing individual
building components such as windows, walls, and doors; they are
discussed in ASTM Standards E283 and E783 for laboratory and
field tests, respectively. The following sections discuss comporient

ir leakage in both residential and commercizi buildings.

Leakage Distribution in Residential Buildings

Dickeroff er a/. (1982) and Harrje and Born (1982) studied the
air leakage of individual building componenis and systems. The
following poirts summarize the percentages of whole building
leakage azsociated with various components and systems. The
values in parentheses include the range determined for each com-
ponent, and the mean of the range.

Walls (18 to 50%,; 35%). Both interior and exterior wails con-
tribute to the leakage of the structure. Leakage between the sill
plate and the foundation, cracks below the bottom of the gypsum
wall board, electrical outlets, plumbing penetrations, and leaks
into the attic at the top plates of walls all occur. Since interior walls
are not filled with insulation, open paths connecting these walls
and the attic permit the walls to behave like heat exchanger fins
within the conditioned living space of the house.

Ceiling Details (3 t0 30%; 18%). Leakage across the top ceil-
ing of the heated space is particularly insidious because it reduces
the effectiveness of insulation on the attic floor and contributes
to infiltration heat loss. Ceiling leakage also reduces the efiective-
ness of ceiling insulation in buildings without attics. Recessed
lighting, plumbing, and electrical penetratioas leading to the attic
are some particular areas of conrern.

Heating System (3 to 28%s; 18%). The location of the furnace
or ductwork in conditioned or unconditioned spaces, the venting
arrangement of a fuel-burning device, and the existence and loca-
tion of a combustion air supply all atfect leakage.

Windows und Doors (6 to 22%; 15%), More variation is seen
in window leakage among window typcs (e.2., casement versus
double-hung) than among new windows of the same type from
different manufacturers (Weidt er al. 1979). Windows that seal by
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Table 2 Leakage Classes

Range of Normalized Leakage Leakage Class

L,<0.10 A
0.10< L, <0.14
0.14< L,<0.20
0.20<£,<0.28
0.28€L,<0.40
0.40€ L, <0.57
0.57€L,<0.3¢
0.80<L,<1.13
L136L,<1.60
1.60< L,

~—XOMmMONw

compressing the weatherstrip (casements, awnings) show sig-
nificantly lower leakages than ‘vindows with siiding seals.

Fireplaces (0t0 30%; 12%). When a fireplac® is not in uss, poor-
fitting dampers allow air to escape. Glass doors reducs excess air
while a fire is burning but rarely seal the {ireplace structure more
tightly than a closed damper does. Chimney caps or fireplace plugs
with telltale signs that warn they arc in place effectively reduce
jeakage through a coid fireplace.

Vents in Conditioned Spaces (2 to 12%; $%). Vents ir condi-
tioned spaces frequently have nc dampers or dampers that do not
close properly.

Ditfusion Through Walls (<1%). Diffusion, in comparison to
infiltration through holes and other openings in the structure, is
not an important flow mechanism. Typical values for the
permeability of building materials at 0.02 in. of water (a reiatively
large pressure for infiltration) produce an air exchange rate of less
than 0.01 air changes per hour by wall diffusion in a typical house,

Component Leakage Areas. Table 3 shows effective leakage
areas for a variety of residential building components at 0,016 in.
of water with a Cp assumed equal to 1 (Reinhoid and Sondereg-
ger 1983). These leakage areas are normalized by the length or area
appropriare to the component, and may be converted to leakage
areas at other reference pressures, airflow rates, or flow coeffi-
cients using Equations (29) through (31).

Commercial Building Envelope Leakage

The building envelopes of large commercial buildings ara often
thought to be quite airtight. The Nartionai Association of Archi-
tectural Metal Manufacturers specifies a maximum leakage per
unit of exterior wail area of 0.060 cfm/ft° at a pressure difference
of 0.30in. of water exclusive of leakage through operabie windows.
Tamura and Shaw (1976a) found that air ieakage measurements
in eight Canadian office bulldmgs with sealed windows, assum-
ing a flow exponent of 0.65 in Equation (16), rangea from 0.120
10 0.480 cfm/ft2. Other measurements taken by Persily and Grot
(1986) in eight U.S. office buildings ranged from 9.213 to 1.028
efm/ft>ar 0.30 in. of water. Therefore, office building envelopes
are leakier than expected. Typical air leakage values per unit wall
area at 0.30 in. of water are 0.10, 0.30, and 0.60 cfm/ft> for tight,
average, and leaky walls respectively (Tamura and Shaw 1976a).

Air Leakage Through Internal Partitions

In large buildings, the air leakage associated with internal parti-
tions becomes very important. Elevator, stair, and service shaft
walls, floors, and other interior partitions are the major separa-
tions of concern in these buildings. Their leakage characteristics
are needed to determine infiltration through exterior walls and
airtlow patterns within a building. These internal resistances are
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also important in the event of a fire to predict smoke movement
patterns and evaluate smoke control systems.

Tabie 4 gives leakage areas (calculated at 0.30 in. of water with
CQ = 0.65) for different internal partitions of commercial
buildings (Klote and Fothergill 1983). Figure 10 shows examples
of measure. air leakage rates of elevator shaft walls (Tamura and
Shaw 1986b), the type of data used to derive the values in Table
_4. Chapter 53 of the 1987 HVAC Volume also discusses these
issues.

Leakage openings at the top of elevator shafts are equivalent to
orifice areas of 620 to 1550 in2. Air leakage rates through stair
shaft and elevator doors are shown in Figure 11 as a function of

Table 3 Effective Leakage Area of Building Components (0.016 in. of water)
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average crack width around the door. The leakage areas associated
with other openings within commercial buildings are also impor-
tant for air movement calculations. These include interior doors
and partitions, suspended ceilings in buildings where the space
above the ceiling is used in the air distribution system, and other
components of the air distribution system.

Air Leakage Through Exterior Doors

Door infiltration depends on the type of door, room, and
building. In residences and small buildings where doors are used
infrequently, the air exchange associated with a door can be

Best Best
Component estimate Max Min Component estimate Max Min
SILL FOUNDATION — WALL DOMESTIC HOT WATER SYSTEMS
Caulked, in*/f of perimeter 0.04 0.06 0.02 Gas Water Heater (only if in
Not caulked, in?/ft of perimeter 0.19 0.9 0.05 conditioned space), in> il 39 2328
JOINTS BETWEEN CEILING AND WALLS ELECTRIC OUTLETS AND LIGHT FIXTURES

.loum, in*/ft of wall 0.07 032 002 Electric Outlets and Switches

(oaly if not taped or plastered Gasketed, in? per outlet and switch 0 0 0

and no vapor barrier) Nou gasketed, in® per outletand switch . 0076 016 0

WINDOWS Recessed Light Fixtures, in® per fixture 1.6 3.10 L6

Casement PIPE AND DUCT PENETRATIONS THROUGH ENVELOPE
Weathersiripped, i’/ of window 0011 0017 0006 Ppipes :

Not weathersripped, in®/ft? of window  0.023  0.034 0.011 Caulked or sealed, in® per pipe 055 031 0
Weatherstripped, in?/fi? of window 0011  0.017 0.006 pu':f; caulked of sealed. in” per pipe a: Q93 155 0
SinN'?: ml:mm in*/ft of window  0.023 0.034 o0.011 Sealed or with continuous vapor barrier,
' in® per duct 0238 025 0
Weathersiripped, in’/.ft{ of window 0032  0.042 0.026 Uuu]p:i and without vapor barrier, in®
o:.:‘(e -;ammwed- in*/fd of window 0.063  0.083 0.052 per duct 3.7 7 22
ung
Weatherstripped. in®/f of window 0043 0063 0023  FIREPLACE
Mot weatherstripped, in*/ft of window 0,086  0.125 0,046, Without Insert .

Single Slider Damper closed. in® per fireplace 10.7 130 3.4
Wlhﬂstn Pped an/hz or "“ndo‘l' om om, 0.013 wD- h‘m[ per open, 1n” per ﬁmh‘e 4.0 59‘0 50-0
Not weatherstripped, in’/ft? of window 077 O A Insert

Do eatherstripped, ln'/frt o 0052 0077 0.026 Damper closed. in? per fireplace 56 1 403
Weatherstripped, in?/fi? of window 0037  0.054 002 Damper open or absent, in” per fireplace 100 14 62
Not weatherstripped, in*/ft of window 0074 0011 0.04 EXHAUST FANS

DOQRS Kitchen Fan _.

Single Door Damper closed. in° per fan 0.775 L1 047
Weatherstripped, in>/ft? of door 0114 0215 0.043 Damper open, in” per fan 6.0 65 56
Not weatherstripped, in/ft? of door 0.157 0243 0.086 Bathroom Fan .

Doubie Door Damper closed, in” per fan 1.7 L9 16
Weatherstripped, in?/ft? of door 0114 0215 0.043 Damper open. in* per fan 34 34 28
Not weatherstripped, in?/ft? of door 0.16 032 0.1 Dryer Vent .

Access to Attic of Crawl Space Damper closed, in” per vent 0.47 09 O
Weatherstripped, in? per Lccess 28 28 12 Heating Ducts and Furnace — Forced Air Sysiems
Not westherstripped, in® per access 4.6 46 1.6 DUCTWORK

WALL _FMNDW%Y FRAME (only if in uncond.itio&?. space)

Wood Frame . Joints taped or caul in” per house 1 il 5
S:“;m:'/ ﬁ?&?‘r‘? ggg: ggg; gg Joims not taped or caulked, in” per house 22 2 n

Masonry Wall ) N FURNACE
Caulked, in®/ft? of window 0019 003 0.016 (only if in conditioned space)

No caulking, in®/fi? of window 0093 0.5 0082 gﬁ,w::‘“;u:ﬂ f“";‘“- in® per furnace 0 o o0
WALL — DOOR FRAME O e DUrTer fumacs, in” ‘

Wood Wall peffumm - b 62 31
Caulked, in®/ft? of door 0004  0.004 0.00i R‘x‘;ﬁm plus stack damper, in s 6 28

M:::yulmg. in“/ft” of doar 0.024 0.024 0.00% Furnace with stack damper, in® per fumace 4.6 62 11
Caulked, in*/12 of door 0.0143  0.0143 0.004 AIR CONDITIONER
No caulking, in/ft? of door 0072  0.072 0.024 Wall or window unit, in® per unit 37 56 0

&
_
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Table 4 Leakage Areas for Internal Partitions in

Commercial Buildings
Construction wait Area
Element Tightness Ratio
A’A,
STAIRWELL . Tight 0.14 x 10-*
WALLS - ‘ Average 0.1 x 10-)
Loose 035 x 10°?
ELEVATOR Tight 0.18 x t0-*
SHAFT WALLS Average 0.84 x 107
‘ Loose 0.18 x 102
A/A,
FLOORS Average 0.52 x 104
: A =leakagesres A, swallara Ag e (loorarea

estimated based on air leakage through cracks between the door
and the frame. A frequently opened single door, as in a small retail
store, has a rauch larger amoun: of airflow. An ASHRAE research
program provided data on air eakage characteristics of swinging
door entrances (Min 1958, Tamura and Wilson 1966 and 1967a)
and revolving doors (Schutrum et al. 1961). A design chart (Min
1961) based on this report (Schutrum er al. 1961) evaluates infiitra-
tion through manual and puwer-operated revolving doors.

CONTROLLING AIR LEAKAGE
New Buildings

Itis much easier to build a tight building than to tighten an ex-
isting building. Elmrozh and Levin (1983), Eyre and Jennings
(1983), and Marbek (19¢4) provide information and construction

etails on airtight building design for houses. However, little cor-
responding information is available for commercial buildings.

A continuous air infiltration barrier is one of the most effec-
tive means of reducing air leakage through walls, around window
and door frames, and at joints between major building elements.
The air infiltration barrier can be installed on the inside of the wall
framing, in which case it also usualily functions as a vapor retarder,
or on the outside of the wall framing, in which case it should have
a permeance rating high enough to permit diffusion of water
vapor from the wall. For a discussion of moisture transfer in
building envelopes, see Chapters 20 and 21.

When the air infiltration barrier is also a continuous plastic film
vapor retarder, particular care must be taken to ensure its continui-
ty at all wall, floor, and cziling joints; at window and door frames;
and at all penetrations of the air-vapor barrier, such as electrical
outlets and switches, plumbing connections, and utility service
penetrations. Joints in the air-vapor barrier must be lapped and
sealed, Plastic vapor retarders installed in the ceiling shouid be
tightly sealed with the vapor retarder in the ourside walls and con-
tinuous over the partition wails. A seal at the top of the partition
walls prevents leakage into the attic; a plate on top of the studs

*- generally gives a poor seal,

A continuous air-infiltration barrier installed on the outside of
wall framing can eliminate many difficult construction details
associated with the installation of continuous air-vapor barriers.
Interior air-vapor barriers must be lapped and sealed at electrical
outlets and switches, at joints between walls and floors and joints
between walls and ceilings, and at plumbing connections
penetrating the walil’s interior finish. The exterior air-infiltration
barrier can cover these problem areas with a continuous materinl.
Joints in the air-infiltration barrier shouid be iapped and sealcd
or taped. Exterior air-infiltration barriers are generally made of
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amaterial stronger than plastic film and are more likely to withs-
tand damage during construction. Sealing the wall against air
leakage at the exterior of the insulation also cuts down on convec-
tive currents within the wall cavity, allowing insulation to retain
more of its effectiveness.

Existing Buildings

Theair-leakage sites must first be located to tighten the envelope
of an existing building. As discussed earlier, air leakage in
buildings is due not only to windows and doors, but to a wide
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range of unexpected and unobvious construction defects. Many
important leakage sites can be very difficult to find. A variety of
techniques developed to locate leakage sites are described in
ASTM Siandard E1186.

Once leakage sites are located, they can be repaired with
materiais and techniques appropriate to the size and location of
the-leak. Harrje et a/. (1979), Diamond et al. (1982), and Energy
"Resource Center (1983) include information on air tightening in
existing residential buildings. By using these procedures, the air
leakage of residential buildings can be improved dramatically.
Depending on the extent of the tightening effort and the ex-
perience of those doing the work, residential buildings can be
tightened anywhere from § to more than 50% (Blomsterberg and
Harrje 1979, Harrje and Mills 1980, Jacobson er al. 1986, Ver-
schoor and Collins 1986, Giesbrecht and Proskiw 1986). Much less
experience is available for airtightening large, commercial
buildings. but the same general principles apply.

RESIDENTIAL VENTILATION SYSTEMS

Infiltration has traditionally met ventilation requirements for
houses. When the building envelope is leaky, infiltration usually
meets ventilation needs, but under mild weather conditions, these
outdoor air requirements may not be met. During typical, or more
severe, weather conditions, ventilation requirements are exceed-
ed and energy is wasted to condition the excessive amounts of out-
door air. The only way to control the ventilation rate of a building
is to have a tight building envelope and a properly designed and
operated mechanical ventilation system. The use of mechanical
ventilation in houses is not weil-developed, but Fisk er a/. (1984)
and Hekmat er al. (1986) describe several options.

One residential ventilation option is balanced mechanical ven-
tilation with hear recovery in an air-to-air heat exchanger or heat-
recovery ventilator. In this rechnique, roughly equal amounis of
Air are supplied to and exhausted from the building. In the heat
exchanger, heat, and in some cases moisture, is transferred between.
the incoming and outgoing airstreams to reduce the energy con-
sumption associated with the mechanical ventilation rate. Perfor-

mance concerns with these systems include the balance between -

the supply and exhaust airflow rates, leakage between the two
airstreams, biological contamination of wet surfaces, frosting
within the devices, and air distribution.

Another option is whole building exhaust ventilation with sup-
ply through intentional and controllable openings in the building
envelope. In this technique, energy can be recovered from the ex-
haust airstream with a heat pump t0 suppiement domestic hot
water or space heating.

CALCULATING AIR EXCHANGE

Techniques for calculating building air exchange rates have im-
proved in recent years (Liddament and Allen 1983). This section
describes several calculation procedures, ranging from simple
estimation technigques 10 more physical modeis. The air exchange
ratc of a building cannot be reliabiy estimated from the building’s
construction or age, or from a simple visual inspection, Some
measurement is necessary, such as a pressurization test of envelope
airtightness or a detailed quantification of the leakage sites and
their magnitude. As discussed in the section on driving mecha-
nisms, it is straightforward to calculate the air exchange rateof a
building given the location and ieakage function for every open-
ing in the building envelope and between major building zones,
the wind pressure coefficients over the building envelope, and any
mechanical ventilation airflow rates. These inputs are generaily
unavaijiabie for all except very simple structuras or extremely well-
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studied buildings. Therefore, assumptions as to their values must
be made. The appropriateness of these assumptions determines
the accuracy of predictions of air exchange rates.

Empirical Models

These models of residential infiltration are based on statistical
fits of infiltration rate data for specific houses. They use pres-
surization test results to account for house airtightness, and take
the form of simple rvlations betwesn infiltration rate, an air-
tightness rating, and, in most cases, weather conditions, The
models account for envelope infiltration only and do not deaf with
intentional ventilation. In one approach, the air changes per hour
at 0.20 in. of water from a pressurization test, is simply divided
by a constant approximately equal to 20 (Sherman 1987). This
estimate does not account for the effects of weather on air ex-
change, Empirical models that do account {or weather effects have
been developed by Reeves er af. (1979), Kronvall (1980a), and Shaw
(1981). The latter two models account for building air leakage us-
ing the values of ¢ and n from Equation (16). The only other in-
puts required are the wind speed and temperature difference. Such
empirical models predict infiitration rates very well in the houses
from which they were developed; they do not, however, work as
well in other houses due to the building-specific nature of leakage
distribution, wind pressure, and internal partitioning. Persily and
Linteris (1983) and Persily (1986) show comparisons between
measured and predicted house infiltration rates for these and other
models. The average differences between measurements and
predictions are generally on the order of 40% for both models,
although individual predictions can be off by 100% or more.

Single-Cell Modeis

Several procedures have been developed to calculate building
air exchange rates that are based on physical models of the
building interior as a single zone. These models are only ap-
propriate to buildings with no internal resistance 10 airflow, and
are therefore inappropriate to large, multizone buildings. Models
of this type have been developeu by the Institute of Gas Tech-
nology (IGT), (Cole et al. 1980), the Building Research Establish-
ment (Warren and Webb 1980), and the Lawrence Berkeley
Laboratory (LBL) (Sherman and Grimsrud 1980). The LBL
modei has been widely used and serves as the basis of the calcula-
tion procedure described in the residential calculation example sec-
tion that follows. [t uses pressurization test results to characrerize
house air leakage through the effective leakage area at 0.016 in.
of water (Cp = 1). In addition to the wiad speed and temperature
d fference, the user must input information on leakage distribu-
tion, a shielding parameter, and a local terrain coefficient. The
predictive accuracy of this model can be very good when the in-
puts are well known for the building in question (Sherman and
Modera 1986), but the predictions are not as accurate when the
inputs are not known. All these single-zone models are sensitive
to the values of the inputs. and it is generally quite difficult to
determine appropriate values. These models have exhibited
average errors on the order of 40% for many measurements on
groups of houses and can be off by 100% in individual cases (Per-
sily 1986).

Maulticell Models

Multicell models of air exchange treat buildings as a series of
interconnccted zones and assume that the air within each zone is
weil mired. Several such models have been deveioped by Etheridge
and Ale:ander (1980), Liddament and Allen (1983), Wakon (1984),

——
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and Herrlin (1905). They are all based on a mass balance for each

zone of the buildir.g. These mass balances are used to solve for an

terior static pressure within the building by requiring that the

flows and outflows for each zone balance to zero. These models

require the user to input a location and leakage function for every

opening in the building envelope and relevant interior partitions,

a value for the wind pressure coefficient C, at the location of

cach building envelope leakage site, and any mechanical ventila-

tion airflow rates. This informadion is difficult to obtain for a

building. Wind pressure coefficient data in the literature, zir

leakage measurement results from the building or its components,

* and air-leakage data from the literature, can be used. These models

not only solve for whole building and individual zone air eichange

rates, but also determine airflow rates between zones. These in-

terzone airflow rates are useful for predicting pollutant troasport

within buildings and smoke movement patterns in the event of a

fire. Multizone models have the advantage of providing a physical.

ly correct determination of airflow rates, and very complex

representations of buildings can be easily modeled on personai
computers.

Residential Calculation Example

This section presents a simple, single-zone approach to
calculating air infiltyation rates in houses based on the LBL
model. The approach requires the effective ieakage area at 0.016
in. of water, which can be obtained from a whole building pres-
surization test. If a test value is not available, the data in Table 3
can be used to estimate the leakage area of the building. The values

* in the tables present results in terms of leakage area per compo-
nent. Per unit component means either per component, per unit
surface area, or per unit length of crack, whichever is appropriate.
To obtain the building’s total leakage area, multiply the overall
dimensions or number of occurrences of each building compo-
nent by the appropriate table entry. The sum of the resuliting pro-
ducts is the total building leakage area.

Table § gives the result of an exampie calculation of the effec-
tive leakage area of a residence. Each leakage component is iden-
tified in the first column, and described in the second. The length,
area, or number of components is in the third column. The fourth
column contains the ieakage area per unit component, from Table
3 and the fifth contains the total leakage area associated with that
component. The sum of the terms in the last column is the total
leakage area of the building, in this case 131 in.2.

Using the effective leakage area, the airflow rarte due to infiltra-
tion is calculated according to:

Q=L(AAM+ Bv)I2 (33)

where

Q = airflow rate, cfm

L = effective leakage area, in.?

A = stack coefficient. (cfm)*(in.) ~* (F)

A& = average indoor-outdoor temperature difference for the time
interval of the calculation, *F

B = wind coefficient, (cfm)*(in.) “* (mph) ~2

v = average wind speed measured at a iocal weather station for
the time interval of interest, mph

The infiltration rate of the building is obtained by dividing Q
by the buikling volume. The value of B depends on the local
shielding ciass of the building. Table 6 lists five different shielding
classes.

Table 7 presents values of 4 for one, two, and three-story
houses. Tabls 8 presents values of B for ong, two, and three-story
houses in shielding classes one through five. In calculating the
values in Tables 7 and 8, several assumptions are made regarding
inputs to the LBL model. They include terrain classes of 3 (rural
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area with scattered obstacles), R = 0.5 (half of the building
leakage in the walls), and X = 0 (equal amounts of leakage in the
floor and ceiling). The height of the one, two, and three-story
buildings are 8, 16, and 24 ft, respectively.

Example 1. Estimate the intiltration at design conditions for a two-story
house in Lincoln, Nebraska. The house has an effective leakage area of
77in.2, a volume of 12,000 ft’, and is surrounded by a thick hedge
(Shielding Ciass 3).

Solution: The 97.5% design temperacure for Lincoln is - 2°F. Assume
a design wind speed of 15 mph. Choosing A (0.0313) from Tabie 6 and B
(0.0086) from Tabie 8, the airflow rate due to infiltration is:

Q = 77 [(0.0313)70) + (0.0086 x 15%)]%¢
= 156 cfm = 9384 ft’/h
The infiltration rate / is equal to Q divided by the building volume:
[ = (9384 f}/h) /(12,000 £t})
or!/ = 0.78 ach

Exampie X Calculate the average infiltration during a one-week period
in January ror a one-story house in Portland. Oregon. During this period,
the average indoor-outdoor temperature difference is 30°F and the average
wind speed is 6 mph.

The house has a volume of 9,000 ft}, an effective leakage area of 107
in.*, and is located in an area with buildings and trees within 30 ft in most
directions (Shielding Class 4).

Solution: The airtlow rate due to infiltration is:

Q = 107((0.0156) x 30) + (0.0039 x 6%)}"/2
= 83.5¢fm = 5,000 fc3/h

The infiltration rate is therefore:

1 = (5,000 {t3/h) / (9,000 fr?)
I = 0.56 ach

Table 5 Example of Cailculation of Building Leakage Area
Based on Component Leakage Areas

Component Description D, L, DL,

Sills Uncaulked 142t 019in*/ft 270

Electrical 20 008in“ea 1.6
outlets

Windows Sliding 141 i1 0.087in*/fd )14
Framing 141 ft=  0.024 in~/it=

Exterior doors Single 621  OMlin*/f* 83
Framing 62 ft=  0.024 in~/ft~

Fireplace Without 1 S40in‘ea  54.0

damper
Penetrations Pipes 7 093 in"ea 6.5
Heating Ducts Ducts untaped, 1 20in‘ea 220
in basement

Calculated Building Leakage Area, L = 131 in®

Table 6 Local Shielding Classes

Class Description

1 No obstructions or local shielding

2 Light local shielding; few obstructions, a few trees, or smaljl
shed

3 Moderate local shielding; some obstructions within two house
heights, thick hedge, solid fence, or one neighboring house

4 Heavy shiclding; obstructions around most of perimeter,
buildings or trees within 30 {t in most directions; typical
suburban shielding

s Very heavy shieiding; large obstructions surrounding
perimeter within two house heights; typical downtown
shielding.
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Table 7 Stack Coefficient, 4
House Height (stories)
O Two Three
Stack coefficient 0.0156 0.0313 0.0471
Table8 Wind Coefficient, B
Shislding House Height (stories)
Class Owne Two Thres
1 0.0119 0.0157 0.0184
2 0.0092 0.0121 0.0143
3 0.008$ 0.0086 0.0101
4 0.0039 0.0081 . 0.0060
s 0.0012 0.0016 0.0018

This estimate of inflltration is an estimate of the average value over the
one-week interval for which the weather information was obuined and

Example 3. Estimate the average infiltration over the heating season in
& two-story house with a volume of 11,000 ft’ and the feakage area
calculated in Table § (131 in.3). The house is located on a lot with several
large tress but no other close buildings (Shielding Class 3). The average
wind speed during the heating season is 7 mph, while the average indoor-
outdoor temperature difference is 36 °F.

Solution: From Equation (33) the airflow rate due to infiltration is:

Q = 131 [(0.0313 x 36) + (0.0086 x 73)}'/2
= 163 cfm = 9780 f'/h

The average infiltration is therefore:
1" 1 = 9780 £/ + 11,000 fr®
! 7 =089 ach

/' Again, this estimate interval used in computing the
average values of the weather variables. Therefore, since the temperature
difference and wind speed are values averaged over the entire heating
season, the infiliration estimate is valid over the same interval,
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A/C

Btu

ctfm

DHW
DX
EMCS
ESA
*F
hr(s)
HVAC

kw
kWh
1b
MBtu
MCWB

OA

yr

Appgndix D. ACRONYMS
air conditioning
air handling unit
British thermal unit
chilled water
cubic feet pér minute
condenser water
domestic hot water
direct expansion
Energy Monitoring and Control System
Energy Savings Analysis computer program
Fahrenheit
hour(s)
Heating, Ventilating, and Air Conditioning
hot water
kilowatt
kilowatt-hour
pound
million Btu
mean coincident wet bulb temperature
outside air

year




Appendix E. SELECTED REFERENCES

Iotal Enerdy Management
. NEMA (National Electrical Manufacturers Association)

©1965
carrier Air Conditioning Company

AR el - - iiilvia ulul-pag
National Climatic -Data Center (NCDC)
Federal Building
Asheville, North Carolina 28801

Honeywell

1983 ASHRAE Handbook--Equipment
American Society of Heating, Refrigerating and Air Conditioning
Engineers, Inc.




Appendix F. BLANK FORMS

@ ESA Program Field Survey Data Sheets
}




GROUF

NOTE - UNITS OF MEASURE: Area = *, Tampaizhse =~ °F
See Appendix A for explanation of temms.

Group Desc

Location
Buikdings in Group

Sketch project layout - locstions, distances between buildings, imporant features, etc,




GROUP BUILDING

BULLDING DATA (1/3)
Buliding Hours of QOperation: 0100-0800  0S00-1600 1700-2400 Other

Heiting Fuel Tyove:
Sketch Building - Locate Zones, Windows, Doors, etc,

|
|
|

Page of




BUILDING

| Locati
| Function
} Floor Area
| Occupied Summer Setpoint <SSP>

ZONE ID
Locstion

Function
Floor Arsa
Occupied Summer Setpoint <SSP>
Occupied Winter Setpoint <WSP>

i Days/Week Heating Equipment Operation <Dh> —

<Dec>

Can ventilation be shut down for duty cycling? (Y/N) For what % time? <DCST>
| Can ventilation be shut down for demand limiting? (V/N)
Can ventilation be shut down during unoccupied hours? (Y/N)
‘ if yes, what is the required OA purge time before occupancy? <PT>
| REMARKS

ZONE ID

For what % time? <DLST>

Occupied Winter Setpoint <WSP>

§ Days/Week Heating Equipmert Operation <Dh>

SPECIAL REQUIREMENTS
Can ventilation be shut down for duty cydling? (Y/N)
| Can ventilation be shut down for demand limiting? (Y/N)
| Can ventilation be shut down during unoccupied hours? (Y /N)
If yes, what is the required OA purge time before occupancy? <PT>
REMARKS

Systems Serving Zone

Nominal hours/week occupied <OH>
Warmup time before occupancy (hr) <WU>

Low Temperature Limit <LTL>
Summer Setpoint Reset <SSPR>

(SSPR = AST-SSP)
Winter Setpoint Reset <WSPR>

(WSPR s WSP-AWT, < WSP-LTL)

Nominal hours/week occupied <OH>
Wammup time before occupancy (hr) <WU>
Low Temperature Limit <LTL>

Summer Setpoint Reset <SSPR>

(SSPR s AST-SSP)
Winter Setpoint Reset <WSPR>

For what % time? <DCST>

For what % time? <DLST>




GROUP BUILDING

BUILDING DATA (2/3) '
WALLS, EXTERIOR 1
COMPONENTS BVALUES SKETCH CROSS SECTION
; Outside Air Film
| L 1. Y
2.
3
4, !
8.
6.
7.
Inside Air Film
TOTAL R VALUE

inside Air Film
TOTAL R VALUE

No. of Floors (above ground)

Avg. Fioor to Fioor Height Walls, gross -
No. of Basement Levels Windows <A meen> i

| Gross Fioor Area <At> Doors <Agey >

| Roof Area <A > Other

Estimated total bidg. air infiltration (ctm) <I> — | Walls, net <Ay, o>

Page of




GROUP BUILDING

T -~

Remarks - Note air leaks, structural damage, broken/defective windows, fit of windows and doors, vents that remain |
| open, etc. |

Page of




C. Variable Volume AHU

GROUP BUILDING SYSTEM

Applicable Systems
A. Single Zone AHU " D. Multi-zone AHU G. Two Pipe Fan Coil Unit
B. Terminal Reheat AHU E. Single Zone DX-A/C H. Four Pipe Fan Coil Unit

F. Mutti-zone DX-A/C

System Desc

Location

Zones Served

Total Area Served <Az>

System Efficiency <HSE>

Unit Supplying Heating Energy

Reheat Coil Reset <RHR>

Heating Energy Fuel Source

Present percert of OA used (decimal) <POA> Unit Supplying Cooling Energy

Hours /Week .{eating System <kh>
Hours /Week at WSP <Hwsp>

Hours/Week Heating System <HhEMCS>

Hours /Week Cooling System <HCcEMCS>

Hours/Week Cooling System <He>

Can system be shut down when

Hours/Week at SSP <Hssp>

zone(s) unoccupied? (Y/N)

Eunction

| Percent of air passing through Hot Deck <Phd> . Summer Hot Deck Resat <SHDR>
Percent of air passing through Cold Deck <Pcd> Winter Hot Deck Reset <WHDR>
Operating Hours/Week Dual Deck <HhC> e .  Summer Cokd Deck f.eset <SCDR>

<WSP>

i <LTL>

} <OH>

| <DCST>

Page ot




GROUP

BUILDING

SYSTEM

Applicable Systems

1. Electric Unit Heater

J. Eleciric Radiation

K. Heating/Ventilating Unit
L. Direct Fired Furnace

M. Direct Fired Boiler
N. Steam Unit Heater
0. Hot Water Unit Heater

. P. Steam Radiation

Q. Hot Water Radiation
U. HTHW/Steam Converter
V. HTHW/HW Converter

| System Desc

Zones Served

Location

Electric Heater Power Rating (Kw) <PWR>
System Efficiency <HSE>

Total Area Served <Az>
Unit Supplying Heating Energy
Heating Energy Fuel Source

Present percent of OA used (decimal) <POA>

| CURRENT OPERATING SCHEDULE
} Hours/Week Heating System <Hh>

Max Total Input Rating (Btu/hr) <CAP>

Heating system Efficiency Increase <QAEl> ——

it

“—*“—_‘____—MMR‘——'%*—_—_(

PROPOSED OPERATING SCHEDULE
Hours/Week Heating System <HhEMCS>

Hours/Waeek at WSP <Hwsp>

STy T T S TS L T et e e s me o o

FAN DATA

Eynction
Supply Air

PUMP DATA

Return Air




GROUP

BUILDING

SYSTEM

Applicable Systems

R. Steam Boiler

S. Hot Water Boiler

System Desc

Location

Efficiency Increase
when Changing Boilers <BCEl>

System Availabiity (days/year)

| REMARKS

Zones Served

Heating Epergy Fuel Type
Max Total Capacity (Btu/hr) <CAP>

Heating system Efficiency Increase <QAEI>




GROUP BUILDING SYSTEM

Applicable Systems »

W. Water Cooled DX Compressor Y. Air Cooled Chiller
X. Air Cooled DX Compressor Z. Water Cooled Chiller §
System Desc : Zones Served
Location Energy Used/Ton Refrigeration <CPT>

| Chiller Type: (1) Centrifugal  (2) Absorption Chiller Capacity (tons) <TON>

‘ {3) Reciprocal (4) Screw Comp Present Condenser Water Temperature <PCWT>

¥ Centrifugal Chiller Motor HP <CHP> is the condenser fan continuous or cycling?——

R Centrifugal Chiller Motor Efficiency <CME>
| System Availability (days/year)
| Efficiency increase when changing chillers <CSEIl>
| Can the centrifugal chiller be shut down for demand limiting? (Y/N) For what % time? <SDT>
j Can the centrifugal chiller capacity be stepped down for demand limiting? (Y/N) By what %? <SDC5> .

(S e g e— e p—— — e e T — e e ———

Chiller water temperature reset <CWTR>

CURRENT OPERATING SCHEDULE PROPOSED OPERATING SCHEDULE
) Hours/Week Cooling System <Hc> Hours/Week Cooling System <HCEMCS>

=i — 7A——‘.——_~—~7______—-‘4____4-—_‘T_~_w—".,4_.__,__,_
. i FAN DATA '; PUMP DATA
Eunction <HP> unction <HP>

i

i

I

‘L.:‘:::‘Lf e e e T e

REMARKS

Page of




GROUP

BUILDING SYSTEM

Applicable Systems

AA. Lighting Control

CURRENT OPERATING SCHEDULE
Hours/Week Lighting System <H, >

Total Wattage <TC, >

PROPOSED OPERATING SCHEDULE

Hours/Week Lighting System <M, EMCS>.




SYSTEM

BUILDING

GROUP

PROJECT REMARKS

of

Page




Appendix F. BLANK FORMS (continued)

® ESA Program Screen Data Input Forms




GROUP BUILDING

imate

Variable Description Units
Avg Entering Condonur Water Temperature ACWT °F
Annual Number of Days for Moming Warmup ANDW days/year

Average Summer Temperature
Average Winter Temperature
Cooling Fuil-Load Hours

. Heating Full-Load Hours
Waeeks of Cooling

Weeks of Heating

Average Outside Air Enthalpy
Percent Run Time

Building
{ ] Check here if Chiller uses steam.
Heating Fuel Type: ** . choice list
" . —
Variable Description Symbol Value Uinits
Heating Value of Fue! HV Btu/ _ Jl
Mod Comb Thermal Transmittance UoAo Btu/hre*F
Total Air Infiltration i _ | ctm
Gross Floor Area At e
Building Thermal Transmission BTT bk Btu/hreftt e*F
B N e R
** Heating Fuel Type:
Electricity (at the meter) 3413 Btu/kWh
Electricity (at point of generation) 11,600 Btu/kWh
Fuel oi), distillate #2 138,690 Btu/gallon
Fuel oil, residual #6 149,690 Btu/gallon
Natural gas (msthane) 1,028 Btu/ct
Propane, gas 2500 Btu/ct
Propane, liquid 91,500 Btu/gallon
Bituminous coal 26,260,000 Btu/short ton
Steam (at point of consumption) 1000 Btu/lb
Stean, (at point of generation) 139C Bwi/ib

*++ BTT is calculated by the program,

Page of




GROUP

BUILDING

SYSTEM

Applicable Systems

Single Zone AHU
. Terminal Reheat AHU
Variable Volume AHU

-come—-
@ >

0

[

D. Multi-zone AHU
E. Single Zone DX-A/C
F. Muhi-zone OX-A/C

G. Two Pipe Fan Coil Unit
H. Four Pipe Fan Coil Linit

| e —

System Data Emry

AN q
Deseri Symboi Value Units

et (W /ton or tb-ton/hr

Page of

Area of zone Az fi:
Winter thermostat setpoint, occupied WSP *F
Low temparature limit LTl - °F
Heating operation without EMCS Hh — hours /week
Heating operation with EMCS HhEMCS hours /week
Heating system efficiency HSE decimal
Summer thermostat setpoint, oncupied SsP °F
Retum air enthaipy when unoccupied RAE _ | Bu/b
 Cooling operation without EMCS He hours/waeek
Cooling operstion with EMCS HCEMCS hours /week
Cooling energy consumption per ton CcPY sane
Supply air capacity CFM cfm
Present fraction of outside air used POA decimal
Equipment motor horsepower HP hp
Equipment motor ioad factor L — decimal
Zone occupied hours OH hours /week
Duty cycling shutdown time DCST perceant
Demand limiting shed time DLST “
pl
Winter thermostat setpoint reset WSPR
Winter setpoint equipment operation Hwsp
Summer thermostat setpoint reset SSPR
Summer setpoint equipment operation Hasp

P .



b

GROUP BUILDING SYSTEM
Applicable Systems
| A. Single Zone AHU D. Multi-zone AHU G. Two Pipe Fan Coil Unit :
1 B. Terminal Reheat AHU E. Single Zone DX-4/C H. Four Pipa Fan Coil Unit '
| C. Variable Volume AHU F. Multi-zone DX-A/C i

System Data Entry (continued)

@
T‘F—'__‘F"-T—__"-""ﬂ"—'_"{

Page

of

Shutdown system when bidg unoccupied? YorN
Present warmup time before occupancy wu hours /day
Heating equipment operating schedule Dh days/week J
Cooling equipment operating schedule De °F
Purge time before occupancy PT *F
Fraction of total air thru hot deck Phd decimal
Hot/cold deck equipment operation Hhe hours /week
Summer hot deck reset SHDR *F
Winter hot deck reset WHDR °F
Fraction of total air thru cold deck Ped decimal
Summer cold deck reset SCDR *F
Reheat cooling coil discharge reset RHR °F l
Optimum start/stop heating savings MBtu
Optimum stait/stop htg-vent savings MBtu
Optimum start/stop htg aux savings kWh _
Optimum start/stop cooling savings MBtu or kWh
Optimum start/stop cig-vent savings MBtu or kWh
Optimum start/stop clg aux saving kWh
Economizer cooling savings —_— | MBtu or kWh J




GROUP BUILDING

SYSTEM

Applicable Systerns

e

[ ——

A. Single Zone AHU D. Mutti-zone AHU
B. Termninal Rehezt AHU E. Single Zone DX-A/C
C. Variable Volume AHU F. Mutti-zone DX-A/C

G. Two Pipe Fan Coil Unit
H. Four Pipe Fan Coil Unit

R

System Data Entry (continued)

Schedluled start/stop labor savings
Optimum start/stop labor savings
Duty cycling labor savings
Day/night setback labor savings
Economizer labor savings
Vett/recirc labor savings

Het deck/cold deck labor savings
Reheat cnil labor savings

Run iime recording labor savings

Salety alarm labor savings.
a———_——mﬁ_—

Systemn Strategy Selection and Annual Savings

L 1 Scheduled Start/Stop

[ ] Optimum Start/Stop

{1 Duty Cvciing

[ ] Remand Limiting

[ ] Day/Night Sethack

f ] Economizer

[ ] Ventilation /Recirculation
[ ] Hot/Cold Cack Resat

{ ] Rehea: Coil Reset

[} Safety Alarm

{ } Run Time Recording

I

Page of
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I GROUP BUILDING SYSTEM

Applicable Systems
E 1. Electric Unit Heater L. Direct Fired Furmnace T. Steam/Hot Water Converter :
1 J. Electric Radiation M. Direct Fired Boiler V. HTHW/Hot Water Converter '
i K Heating/Ventilating Unit Q. Hot Water Radiation K

System Data Entry

Variable Description

Area of zone Az fr2
Winter thermostat setpoint, occupied WSP *F
Low temperature limit LTL *F
Heating operation without EMCS Hh hours/week
Heating operation with EMCS HhEMCS hours/week
Heating system efficiency HSE decirnal
Supply air capacity CFM cfm
. Present fraction of outside air used POA decimal

Equipment motor horsepower HP hp
Equipment motor load factor L decimal
Zone occupied hours OH hours /week

Power rating of resistance unit PWR Kw
Duty cydling shutdown time OCST percent
Deinand limiting shed time DLST percent

Winter thermostat setpoint reset WSPR °F
Winter setpoint equipment operation Hwsp

Shutdown system when bidg unocupied?

Present warmup time before occupancy wu
Heating equipment operating schedule Dh
Purge time before occupancy PT minutes
Total input rating of boilers CAP Btu/hr
Heating system efficiency increase OAEI decimal

T
TE
i
NSRS U IS S I— I E— E—

Page of




GROUP BUILDING

SYSTEM

Applicablu Systems
§ 1. Electric Unit Heater L Direct Fired Fumace
i J. Electric Radiation M. Direct Fired Boiler
i K Heating/Ventilating Unit Q. Hot Water Radiation

T. Steam/Hot Water Converter
V. HTHW/Hot Water Converter

b e o o o 2 o

System Data Entry (continued)

Optimum start/stop cooling savings
Optimum start/stop cig-vent savings
Optimum start/stop cig aux savings

MBtu or kWh

Scheduled start/etop labor savings
Optimum start/stop labor savings
Duty cycdling labor savings
Demand limiting labor savings
Day/night setback labor savings
Vent/recirc labor savings

HW outside air reset labor savings
Run time recording labor savings
Safety alarm labor savings

[ ] Scheduled Start/Stop
{ ] Optimum Stant/Stop

[ ] Duty Cyciing

{ ] Demand Limiting

[ ] Day/Night Setback

{ ] Ventilation/Recirculation
[ ] HW OA Reset

[ ] Run Time Recording

(] Safety Alarm
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GROUP BUILDING SYSTEM
Applicabie Systems
| N. Steam Unit Heater P. Steam Radiation i
i O. Hot Water Unit Heater U. HTHW/Steam Converter i
Systemn Data Entry

Variable Description Symbol Vaiue Units "
Area of zone Az fr

Winter thermostat setpoint, occupied wsP *F
Low temperature limit LTL *F
Winter thermostat set point reset WSPR *F

Winter setpoint equipment operation Hwsp hours/week

Heating system efficiency HSE decimal
Day/night setback labor savings mh
Run time recording labor savings mh
Safety alarm labor savings mh
L M

System Strategy Selection and Annual Savings

[ ] Day/Night Setback

( ] Safety Alarm

o

{ ] Run Time Recording
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GROUP BUILDING SYSTEM

Appiicable Systems
R. Steam Boller S. Hot Water Boiler |

System Data Entry

Variable Description

Heating system efficiency
Total input rating of boilers
Boiler converzion efficiency increase

Heating system efficiency increase

Steam boiler selecdon labor savings
HW boiler sslection labor savings
HW Outside air reset labor savings
Run time recording labor savings
Safety alarm labor savings

System Strategy Selection and Annual Savings

[ ] Steam Boiler Selection
[ ] HW Boiler Selection

[ ] HW OA Reset

{ ] Run Time Recording
{ ] Safety Alarm
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GROUP

BUILDING

SYSTEM

Appilicable Systems

W. Water Cooled DX Compressor
X. Air Cooled DX Compressor

Y. Air Cooled Chiller’
Z. Water Cooled Chiller

btecawd

System Data Entry

- Variable Description Symbol Value Units
Ccoling operation without EMCS He hours/week “
Cooling operation with EMCS HcEMCS hours/week
Cooling energy consumption per ton CPT ' I B
Equipment motor horsepower HP L)
Equipment motor load factor L _ decimal “
Zone occupied hours OH hours /wk
Duty cycling shutdown time DCST percent
Damand limiting shed time DLST percent
. Total capacity of chillers TON tons
Chiller ssiaction efficiency increase CSE! percent
Chiller water temperature reset CWTR *F
Chiller type choice ligt ***
Present condenser water temperature PCWT *F
Present fan operation choice list ****
Centrifugal chiller motor horsepower CHP hp
Caentritugal chiller motor efficiency CME decimal
Step down percent of capacity SDC percent
Step down percent of time SOT percent
Optimum start/stop cooling savings MBtu or kWh
pe Optimum start/stop cig-vent savings MBtu or kWh
Optimum start/stop cig aux savings KWh
s **  kW/ton or Ib-ton/hr
***  Chiller types: (1) Centrifugal (2) Absorbtion (3) Reciprocal (4) Screw Comp

Page

. **** Dresent fan operation (1) Fan now cycles

{0) Fan now runs continuously, but will cycle




GROUP BUILDING SYSTEM

] Applicable Systems
| W. Water Cooled DX Compressor Y. Air Cooled Chiller 1;
t X. Air Cooled DX Compressor Z. Water Cooled Chiller K
System Data Entry (continued)

Scheduled start/stop iabor savings mh

Optimum start/stop labor savings R

Duty cycling labor savings e | mh

Demand limiting labor savings mh

Chiller selection labor savings | mh

Chiller water reset labor savings mh

Condenser water reset labor savings —e— | mn

Chiller demand limit labor savings ——e | mh

Run time recording labor savings mh

Safety alarm labor savings mh

- S S—

Systemn Strategy Selection and Annual Savings
P

[ ] Scheduled Start/Stop

[ ] Optimum Start/Stop

[} Duty Cycling

{ ] Demand Limiting

{] Chiller Selection

{] Chiiler Water Temp Reset

[ ] Condenser Water Temp Reset
(] Chiller Demand Limit

[ 1 Run Time Recording { ] Safety Alarm

T R
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GROUP BUILDING SYSTEM

Applicable Systems

P

1 AA. Lighting Control

Systern Data Entry

| System Description:

Variable Description Value Units

Total power consumption of lights TC kW
Lighting operation without EMCS Hi hours/week

Lighting operation with EMCS _HIEMCS hours /week

Lighting control labor savings mh
Run time recording labor savings mh
Safety alarm labor savings

System Stratégy Selection and Annual Savings

(] Lighting Control
{1 Run Time Recording

(1 Safety Alarm

Page of
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Appendix F. BLANK FORMS (continued)

Factor Summary

System Savings Summary




GROUP

BUILDING

Factor Summary

Ref Factor Calculated Value
4-4.1 ACWT = °F
4-4.2 ANDW = days/year
4-4.3 AST = °F
4-4.4 AWT = °F
4-4.5 CFLH = hrs/year
4-4.6 HFLH = hrs/year
4-4.7 WKH = weeks/year
4-4.7 WKC = weeks/year
4-4.8 vaE - Btu/1b
4-4.9 PRT = 3
UoAo = Btu/hr-°F
Af = ft?
BTT = Btu/hr«fic? «*F
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GROUP

BUILDING

SYSTEM

System Savings Summary

savings
Ref Strategy MBtu(Xr kwgéxr KW Mh/yr
S5=4.1 Scheduled Start/Stop
5-4.2 Optimum Start/Stop
5=-4.3 Duty Cycling
5-4.4 Demand Limiting
5-4.5 Day/Night Setback
5-4.6 OA Dry Bulb Fconomizer
5-4.7 Ventilation and
Recirculation
5-4.8 Hot Deck/Cold Deck
Temperature Reset
5-4.9 Reheat Coil Reset
5-~4.10 Boiler Selection
5-4.11 Hot Water Outside
Air Reset
5~-4.12 Chiller Selection
5-4.13 Chiller Water
Temperature Reset
5-4.14 Condenser Waterxr
Temperature Reset
5-4.15 Chiller Demand Limit
5=-4.16 Lighting Control
5-4.17 Run Time Recording
5-4.18 Safety Alarm
MBtu Sub Total
Fuel + HV
Type (See Appendix A)
Notes -
TOTALS

kwh/yr

kW

Mh/yr
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